REPORT  DOCUMENTATION  PAGE 


2 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  coilection  of  information  is  estimated  to  average  1  hour  per  response,  inciuding  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  compieting  and  reviewing  the  coiiection  of  information.  Send  comments 
regarding  this  burden  estimate  or  any  other  aspect  of  this  coilection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 
Headquarters  Services,  Directorate  for  information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Ariington  VA,  22202-4302. 
Respondents  shouid  be  aware  that  notwithstanding  any  other  provision  of  iaw,  no  person  shaii  be  subject  to  any  oenaity  for  failing  to  comply  with  a  coiiection 
of  information  if  it  does  not  dispiay  a  currentiy  vaiid  OMB  controi  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY) 

18-08-2014 


4.  TITLE  AND  SUBTITLE 

Electron  and  Hole  Behavior  in  Powdered  Ti02  - 
Photoluminescence  and  Infrared  Studies 


2.  REPORT  TYPE 
Ph.D.  Dissertation 


3.  DATES  COVERED  (From  -  To) 


5a.  CONTRACT  NUMBER 

W911NF-13-1-0101 


5b.  GRANT  NUMBER 


6.  AUTHORS 
Ana  Stevanovic 


5c.  PROGRAM  ELEMENT  NUMBER 
611102 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRESSES 

University  of  Virginia 
P.  O.  Box  400195 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


Charlottesville,  VA  22904  -4195 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS 
(ES) 

U.S.  Army  Research  Office 
P.O.Box  12211 

Research  Triangle  Park,  NC  27709-2211 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 
ARO 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

62064-CH.7 


12.  DISTRIBUTION  AVAILIBILITY  STATEMENT 
Approved  for  public  release;  distribution  is  unlimited. 


13.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contmed  as  an  official  Department 
of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 


14.  ABSTRACT 

This  thesis  reports  the  behavior  of  electrons  and  holes  in  photoexcited  Ti02  powder  under 
high  vacuum  conditions.  We  studied  the  effect  of  UV  irradiation  and  different  adsorbates, 
electron  acceptors  and  electron  donor  molecules,  on  the  perturbation  of  the  band  structure  of 
Ti02.  The  electron-hole  recombination  rate  in  electronically  excited  Ti02  is  influenced  by  band 
bending  at  the  Ti02  surface  and  was  studied  by  photoluminescence  (PL)  spectroscopy.  In 

ii*.*  1  1  1•r*  1  .♦  ..1  r*  I*.* 


15.  SUBJECT  TERMS 

powdered  Ti02,  photoluminescence,  infrared  spectroscopy,  hopping,  absorption,  band  bending,  electron,  hole 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

15.  NUMBER 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF  PAGES 

UU 

UU 

UU 

UU 

John  Yates 


19b.  TELEPHONE  NUMBER 
434-924-7514 


Standard  Form  298  (Rev  8/98) 
Prescribed  by  ANSI  Std.  Z39. 18 


Report  Title 

Electron  and  Hole  Behavior  in  Powdered  Ti02  -Photo luminescence  and  Infrared  Studies 

ABSTRACT 

This  thesis  reports  the  behavior  of  electrons  and  holes  in  photoexcited  Ti02  powder  under 
high  vacuum  conditions.  We  studied  the  effect  of  UV  irradiation  and  different  adsorbates, 
electron  acceptors  and  electron  donor  molecules,  on  the  perturbation  of  the  band  structure  of 
Ti02.  The  electron-hole  recombination  rate  in  electronically  excited  Ti02  is  influenced  by  band 
bending  at  the  Ti02  surface  and  was  studied  by  photo  luminescence  (PL)  spectroscopy.  In 
addition,  we  also  employed  infrared  spectroscopy  to  qualitatively  estimate  the  surface  condition 
and  to  quantitatively  estimate  the  amount  of  adsorbates  on  the  surface. 

It  was  found  that  continuous  UV  irradiation  at  3.88  eV  on  an  n-type  Ti02  surface 
enhances  the  photoluminescence  emission  at  ~529  nm  (2.34  eV)  as  UV-induced  surface  potential 
causes  upward  bent  bands  to  flatten.  In  addition,  the  adsorption  of  electron  donor  molecules  such 
as  CO  and  NH3  caused  downward  band  bending  in  Ti02  and  upon  their  adsorption/desorption, 
the  PL  intensity  responded  reversibly,  showing  reversible  band  bending.  On  the  other  hand, 
adsorption  of  an  electron  acceptor  molecule  such  as  02  induces  upward  band  bending  and  does 
not  respond  completely  reversibly  upon  desorption. 

We  measured  the  kinetics  of  transport  of  adsorbed  molecules  to  and  from  the  outer 
surface  of  the  Ti02  powder,  in  a  depth  of 20  nm,  compared  to  the  molecular  transport  kinetics 
in  the  interior  of  a  95,000  nm  thick  porous  Ti02  material.  Here,  we  employed  NH3  and  CO  as 
representatives  of  slow  and  fast  diffusing  molecules,  respectively.  Adsorption  of  NH3  at  the  outer 
surface  of  the  Ti02  powder  occurs  quickly  while  its  distribution  in  the  powder  was  found  to  be 
retarded.  In  contrast,  adsorption  of  CO  molecule  shows  that  the  surface  coverage  in  the  first  ~  20 
nm  of  the  Ti02  powder  lags  behind  the  surface  coverage  in  the  bulk  due  to  the  fast  diffusion  into 
the  interior  of  the  powder.  In  addition,  we  found  that  adsorption/desorption  of  CO  showed  a 
hysteresis  effect  when  viewed  by  the  two  spatially  sensitive  surface  spectroscopies. 

This  thesis  presents  a  new  method  for  measuring  charge  transport  between  Ti02  particles 
using  an  optical  method,  photoluminescence  spectroscopy.  We  found  that  long  continuous  UV 
irradiation  of  the  Ti02  powder  caused  photoexcited  electrons  to  percolate  deep  into  the  powder 
inducing  changes  in  the  surface  photovoltage  and  band  flattening  as  detected  by  PL 
enhancement.  The  main  finding  was  that  in  the  dark  after  charging  by  illumination,  the  negative 
charge  tends  to  return  back  to  the  surface  partially  restoring  upward  band  bending  as  detected  by 
the  PL  intensity  decrease.  It  was  found  that  the  relaxation  of  the  negative  charge  at  140  K  is  a 
very  slow  process,  on  a  minute  time  scale.  The  slow  process  was  assigned  to  either  electron 
hopping  from  a  Ti02  surface  site  to  a  surface  site  or  from  a  Ti02  nanocrystallite  to  a 
nanocrystallite  in  the  Ti02  bed.  This  electron  hopping  process  is  temperature-dependent  with  an 
activation  energy  of  15  meV.  We  used  the  rate  of  the  discharging  process  to  estimate  the 
electron  mobility  (-'  10-10  m2  V-1  s-1)  at  room  temperature.  Lurther,  we  studied  the  effect  of  single 
wall  carbon  nanotubes  and  gold  nanoparticles  on  charge  transport  between  Ti02  particles.  We 
found  that  carbon  nanotubes  act  as  electron  acceptor  molecules  but  do  not  affect  charge  transport 
between  Ti02  particles.  In  contrast  to  that,  3  nm  gold  nanoparticles  supported  on  Ti02 
nanpoarticles  act  as  strong  electron  acceptors  significantly  suppressing  PL  intensity  and  the 
buildup  of  surface  photovoltage  as  measured  by  PL  intensity  change. 
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Abstract 

This  thesis  reports  the  behavior  of  electrons  and  holes  in  photoexcited  TiOi  powder  under 
high  vacuum  conditions.  We  studied  the  effect  of  UV  irradiation  and  different  adsorbates, 
electron  acceptors  and  electron  donor  molecules,  on  the  perturbation  of  the  band  structure  of 
Ti02.  The  electron-hole  recombination  rate  in  electronically  excited  Ti02  is  influenced  by  band 
bending  at  the  Ti02  surface  and  was  studied  by  photoluminescence  (PL)  spectroscopy.  In 
addition,  we  also  employed  infrared  spectroscopy  to  qualitatively  estimate  the  surface  condition 
and  to  quantitatively  estimate  the  amount  of  adsorbates  on  the  surface. 

It  was  found  that  continuous  UV  irradiation  at  3.88  eV  on  an  n-type  Ti02  surface 
enhances  the  photoluminescence  emission  at  -529  nm  (2.34  eV)  as  UV-induced  surface  potential 
causes  upward  bent  bands  to  flatten.  In  addition,  the  adsorption  of  electron  donor  molecules  such 
as  CO  and  NH3  caused  downward  band  bending  in  Ti02  and  upon  their  adsorption/desorption, 
the  PL  intensity  responded  reversibly,  showing  reversible  band  bending.  On  the  other  hand, 
adsorption  of  an  electron  acceptor  molecule  such  as  O2  induces  upward  band  bending  and  does 
not  respond  completely  reversibly  upon  desorption. 

We  measured  the  kinetics  of  transport  of  adsorbed  molecules  to  and  from  the  outer 
surface  of  the  Ti02  powder,  in  a  depth  of  -  20  nm,  compared  to  the  molecular  transport  kinetics 
in  the  interior  of  a  95,000  nm  thick  porous  Ti02  material.  Here,  we  employed  NH3  and  CO  as 
representatives  of  slow  and  fast  diffusing  molecules,  respectively.  Adsorption  of  NH3  at  the  outer 
surface  of  the  Ti02  powder  occurs  quickly  while  its  distribution  in  the  powder  was  found  to  be 
retarded.  In  contrast,  adsorption  of  CO  molecule  shows  that  the  surface  coverage  in  the  first  -  20 
nm  of  the  Ti02  powder  lags  behind  the  surface  coverage  in  the  bulk  due  to  the  fast  diffusion  into 
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the  interior  of  the  powder.  In  addition,  we  found  that  adsorption/desorption  of  CO  showed  a 
hysteresis  effect  when  viewed  by  the  two  spatially  sensitive  surface  spectroscopies. 

This  thesis  presents  a  new  method  for  measuring  charge  transport  between  Ti02  particles 
using  an  optical  method,  photoluminescence  spectroscopy.  We  found  that  long  continuous  UV 
irradiation  of  the  Ti02  powder  caused  photoexcited  electrons  to  percolate  deep  into  the  powder 
inducing  changes  in  the  surface  photovoltage  and  band  flattening  as  detected  by  PL 
enhancement.  The  main  finding  was  that  in  the  dark  after  charging  by  illumination,  the  negative 
charge  tends  to  return  back  to  the  surface  partially  restoring  upward  band  bending  as  detected  by 
the  PL  intensity  decrease.  It  was  found  that  the  relaxation  of  the  negative  charge  at  140  K  is  a 
very  slow  process,  on  a  minute  time  scale.  The  slow  process  was  assigned  to  either  electron 
hopping  from  a  Ti02  surface  site  to  a  surface  site  or  from  a  Ti02  nanocrystallite  to  a 
nanocrystallite  in  the  Ti02  bed.  This  electron  hopping  process  is  temperature-dependent  with  an 
activation  energy  of  15  meV.  We  used  the  rate  of  the  discharging  process  to  estimate  the 
electron  mobility  (~  10"'°  m^  V' s"')  at  room  temperature.  Further,  we  studied  the  effect  of  single 
wall  carbon  nanotubes  and  gold  nanoparticles  on  charge  transport  between  Ti02  particles.  We 
found  that  carbon  nanotubes  act  as  electron  acceptor  molecules  but  do  not  affect  charge  transport 
between  Ti02  particles.  In  contrast  to  that,  ~  3  nm  gold  nanoparticles  supported  on  Ti02 
nanpoarticles  act  as  strong  electron  acceptors  significantly  suppressing  PL  intensity  and  the 
buildup  of  surface  photovoltage  as  measured  by  PL  intensity  change. 
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Chapter  1 

Introduction 

Semiconductor  materials  have  attracted  significant  attention  of  the  scientific  and  engineering 
community  due  to  their  superb  electronic  properties.  There  is  a  family  of  semiconductors  in 
oxide  form  such  as  Ti02,  ZnO,  SnOi  and  others  '  that  are  extensively  studied  as  their  energy 
band  gap  Ebg  ~  2. 0-3. 2  eV  for  electronic  excitation  allows  for  efficient  coupling  with  the  solar 
spectrum.  This  class  of  semiconductors  is  important  for  the  development  of  solar-based 
technologies.  These  technologies  mainly  include:  (1)  sun-light  activated  remediation  of  toxic 
environmental  pollutants  through  photodestruction;  and  (2)  development  of  superior  photovoltaic 
(PV)  cells  which  convert  solar  light  into  electricity. 

The  subject  of  this  thesis  is  focused  on  one  particular  problem  related  to  the  understanding  of 
the  behavior  of  photoexcited  charge  carriers  in  a  semiconductor  (Ti02).  It  is  of  high  importance 
to  improve  the  performance  efficiency  of  both  Ti02-  based  photocatalyst  and  photovoltaic 
devices  which  primarily  depends  on  the  efficiency  of  the  light  interaction  with  the  semiconductor 
and  also  the  charge  transport  through  the  semiconductor. 

1.1  Ti02-  based  Photoactivation  Technologies 

In  this  thesis,  we  study  titanium  dioxide  (Ti02)  in  the  context  of  a  candidate 
semiconductor  for  the  aforementioned  technologies,  as  it  is  robust  and  inexpensive  material  that 
has  enormous  surface  area  for  adsorption  of  foreign  molecules  in  its  commercially-available 
form  and  more  importantly,  it  has  a  band  gap  of  ~  3.0  -  3.2  eV  for  sun-light  activation.  These 
characteristics  make  Ti02  an  excellent  photocatalyst,  which  can  be  activated  via  absorption  of 


1 


13 


the  ultraviolet  (UV)  photons  (^<  390  nm)  of  the  solar  spectrum.  Fujushima  and  Honda  used  this 
photocatalytic  property  of  Ti02  to  generate  hydrogen  and  oxygen  gas  from  solar-induced  water 
splitting  in  a  photo-electrochemical  cell"^.  Further  research  on  Ti02  was  extended  toward  water 
and  air  purification  and  also  environmental  remediation  where  photo-oxidation  of  contaminants 
was  the  main  process  studied^’  ^  .  In  photovoltaic  area,  upon  the  development  of  Gratzel  solar 
cell,  which  is  based  on  a  dye-sensitized  Ti02  electrode  excited  by  sunlight  '  ,  Ti02  became  a 
more  popular  photo-absorbing  material. 

This  thesis  summarizes  studies  of:  (1)  The  band  bending  phenomenon  in  powdered  Ti02 
by  photoluminescence  spectroscopy  (Chapter  3);  (2)  Molecular  diffusion  by  photoluminescence 
and  infrared  spectroscopy  (Chapter  4);  (3)  Electron  hopping  between  Ti02  particles  (Chapter  5) 
and  (4)  Effect  of  fullerene  and  Au  nanoparticles  on  photoluminescence  and  electron  hopping 
between  Ti02  particles  (Chapter  6). 

1.2  Electrons  and  Holes  at  Work  in  Photoexcited  TiOi 

An  important  process  that  determines  the  performance  of  these  solar-driven  devices  is  the 
recombination  of  the  electrons  and  holes  in  photoexcited  Ti02  powder.  In  fields  of  photocatalysis 
and  photovoltaic  cells,  understanding  charge  transfer/transport  between  electronically  excited 
Ti02  particles  and  adsorbed  electron  acceptor/electron  donor  molecules  is  vital  for:  (1)  photo¬ 
oxidation  reactions;  and  (2)  the  efficiency  of  operation  of  PV  cells.  The  main  factor  that  limits 
the  improvement  of  the  efficiency  of  operation  of  Ti02  photocatalyst  and  Ti02-based 
photovoltaic  cell  is  the  recombination  of  photo-excited  electrons  and  holes  in  electronically 
excited  Ti02  powder.  A  schematic  picture  of  photo-excitation  and  de-excitation  events  in  Ti02  is 
shown  in  Eigure  1.  The  process  of  recombination  is  usually  followed  by  emission  of  radiation  or 
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heat  when  photoexcited  electrons  cascade  down  to  the  bottom  of  the  conduction  band  losing  their 
energy,  ultimately  finding  a  defect  site  within  the  band  gap  where  they  react  with  a  hole. 

The  research  presented  in  this  thesis  investigates  the  factors  that  affect  the  electron-hole  (e’- 
h"^)  recombination  in  TiOi  powder  [processes  (1)  and  (3)  in  Figure  1.].  The  overarching  goal  of 
this  work  is  to  present  novel  methods  to  reduce  the  fraction  of  electrons  and  holes  that  undergo 
useless  recombination  by  modifying  TiOi  surface  with  electron  acceptor  molecules  (O2,  Single 
Wall  Carbon  Nanotubes  (SWNT),  SFg,  Au  nanoparticles)  and  electron  donor  molecules  (CO, 
NH3,  H2,  C3H8). 


EA  EA' 


Figure  1.  An  incident  photon  on  Ti02  produces  an  exciton  (excited  electron  coupled  to  a  positive 
center)  which  quickly  evolves  into  an  electron-hole  pair.  These  charge  carriers  then  evolve  in  one  of  the 
following  ways:  (1)  they  can  diffuse  onto  the  surface  and  recombine,  (2)  react  with  other  electron 
acceptor  or  electron  donor  molecules  adsorbed  on  the  surface,  or  (3)  recombine  in  the  bulk  of  the 
material. 
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These  studies  of  electron-hole  recombination  in  Ti02  powder  are  performed  in  a  newly 
constructed  high  vacuum  apparatus  with  a  base  pressure  of  1.5  x  10'^  Torr  (more  details  in 
Chapter  2)  which  employs:  (1)  photoluminescence  spectroscopy  (PL)  that  serves  for  directly 
observing  the  e'-  h"^  recombination  process;  and  (2)  transmission  infrared  (IR)  spectroscopy  that 
serves  for  estimating  the  amount  of  adsorbates  on  the  Ti02  surface,  as  well  as  understanding  the 
chemical  bonding  modes  of  molecules  on  the  surface.  The  apparatus  consists  of  a  portable  high 
vacuum  cell  equipped  with  turbopump,  various  pressure  gauges  and  a  quadrupole  mass 
spectrometer  as  well  as  a  quantitative  provision  for  gas  dosing.  The  cell  houses  an  optically 
transparent  tungsten  grid  which  holds  the  sample  that  can  be  cooled  to  83  K  using  f-N2.  It  can 
also  be  resistively  heated  to  1000  K.  We  stress  the  need  to  employ  high  vacuum  conditions 
where  the  surface  of  the  semiconductor  may  be  freed  of  adsorbed  contaminants. 

We  have  studied  the  effects  of  UV  irradiation  and  adsorption  of  different  electron  donor 
or  electron  acceptor  molecules  on  the  electronic  structure  of  Ti02.  We  found  that  both  absorption 
of  UV  light  and  adsorption  of  electron  acceptor  or  electron  donor  species  induce  changes  in  the 
work  function  of  Ti02  which  results  in  band  bending  of  the  conduction  and  valance  bands.  These 
processes  were  studied  through  PL  by  directly  observing  recombination  of  charge  carriers.  It  is 
of  importance  to  understand  how  the  band  bending  in  solid  materials  can  be  manipulated  and 
optimized  for  purposes  of  improving  both  PV  cells  and  photocatalysts.  In  PV  cells,  band  bending 
influences  the  charge  transport  process  between  solid-solid  interfaces  while  in  photocatalysis,  the 
band  bending  phenomenon  governs  the  rates  of  photo-oxidation  or  photo-reduction  reactions 
when  electron  or  hole  is  promoted  to  a  surface. 
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1.3  Band  Bending  in  Semiconductors 

The  presence  of  defects  and  impurities  in  semiconductors  are  responsible  for  changes  in 
electronic  structure  as  they  produce  filled  and  unfilled  electronic  states  within  the  band  gap  of  a 
semiconductor.  A  semiconductor  surface  also  possesses  defects  where  the  periodicity  of  the 
semiconductor  lattice  is  broken  (missing  atoms,  interstitials)  at  the  surface  due  to  the  solid- 
vacuum  boundary  ’  .  These  surface  defects  perturb  the  local  band  structure  as  they  can  carry 
both  negative  or  positive  charge  depending  on  the  type  of  defect  (acceptor  or  donor, 
respectively)  and  the  Fermi  level.  The  charge  present  in  a  surface  state  is  screened  by  an  opposite 
image  charge  induced  inside  a  semiconductor.  As  a  result,  conduction  and  valence  bands  at  a 
surface  of  a  semiconductor  bend  forming  a  space  charge  layer.  In  other  words,  the  band  bending 
represents  the  change  in  the  potential  energy  of  an  electron  at  the  surface  and  in  the  bulk  of  a 
semiconductor.  For  instance,  the  defects  that  carry  negative  charge  on  a  semiconductor  surface 
induce  upward  band  bending  that  produces  a  space  charge  layer  called  a  depletion  region.  This 
type  of  semiconductor  is  called  n-type  (Figure  2a).  On  the  other  hand,  a  defect  that  carries 
positive  charge  causes  downward  band  bending  and  a  space  charge  layer  called  the  accumulation 
layer.  This  type  of  semiconductor  is  called  a  p-type  semiconductor  (Figure  2b). 
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n-type  doped  semiconductor 
(non-equilibrium) 


n-type  doped  semiconductor 
(equilibrium) 
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p-type  doped  semiconductor 
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p-type  doped  semiconductor 
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accumulation  region 


Figure  2.  The  change  in  work  function  (A(j))  and  band  bending  (cVbb):  (a)  Upon  adding  a 
negative  charge  to  a  surface,  the  work  function  increases  inducing  upward  band  bending  producing  an  n- 
type  semiconductor;  (b)  Upon  adding  a  positive  charge  to  a  surface,  the  work  function  decreases  inducing 
downward  band  bending  and  producing  a  p-type  semiconductor. 
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1.3.1  Origin  of  Band  Bending  in  TiOi 

The  surface  of  the  powdered  TiOi  employed  in  this  work  is  nonstoichiometric  as  we 
create  defects  by  applying  cleaning  procedures  where  the  sample  is  annealed  in  vacuum  to  high 
temperatures  resulting  in  oxygen  loss.  Also  the  mixture  of  crystallographic  phases  exists  due  to 
the  polycrystalline  character  of  the  TiOi  powder  where  anatase  and  rutile  coexist  in  3:1 
anatase/rutile  ratio.  It  has  been  previously  observed  by  TPD^^  ,  XPS^*  and 

theoretically^^’  that  upon  annealing  to  700-800  K,  two  types  of  surface  Ti02  defect  sites  are 
created:  interstitial  Ti^"^  sites  and  oxygen  vacancies.  Figure  3A  shows  a  schematic  of  atomic 
structure  of  the  most  studied  rutile  -reduced  TiOi  (110)  surface  .  The  formation  of  both  types  of 
defects  results  in  excess  electrons  on  the  TiOi  surface.  Upon  lattice  oxygen  desorption  from  the 
bulk  or  surface  of  Ti02  and/or  the  reduction  of  Ti"^"^  to  Ti^"^,  excess  electrons  are  trapped  at  a 
vacancy  site.  This  accumulated  negative  charge  on  a  Ti02  surface  induces  upward  band  bending 
(increase  in  surface  potential  of  electrons  at  the  near  surface)  and  maybe  thought  of  as  a  change 
in  work  function  (A(j)).  Thus,  oxygen-deficient  Ti02  is  an  n-type  semiconductor.  Figure  3B 
shows  a  schematic  picture  of  the  conduction  band,  Ti^"^  defect  site,  oxygen  vacancies  and  valence 
band.  Figure  3C  shows  the  STM  image  of  a  reduced  Ti02  (110)  surface  where  the  bright  spots 
(circled  in  black)  are  O- vacancies. 
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A.  Reduced  TiOj  (110)  Surface  B.  Electronic  Structure  C.  STM  Image  of  Reduced 


of  Ti02  TiOj  (110)  Surface 


Figure  3  A.  Atomic  structure  of  defective  Ti02(l  10)  surface.  Oxygen  atoms  are  depicted  in  red  and 
titanium  atoms  are  in  white.  2  B.  Schematic  representation  of  energy  levels  of  the  most  common  defects 
0-vacancy  and  Ti^"^  interstitials  in  Ti02^°.  3  B.  STM  image  of  a  reduced  Ti02  (110)  surface  shows  both  Ti 
atoms  (bright  rows)  and  oxygen  vacancies  (bright  spots)^^. 

1.3.2  Bend-Banding  Model  in  Nanosized  TiOi  Particles 

The  Ti02  used  in  this  thesis  is  a  polycrystalline  powder  that  consists  of  75  %  anatase  and 
25  %  rutile  phases  with  particles  between  30  -  80  nm  in  size.  The  band  bending  phenomenon  has 
been  observed  in  a  single  crystal  as  well  as  on  the  surface  of  the  nm-sized  Ti02  powder.  These 
nanoparticles  also  show  a  lack  of  stoichiometry  which  is  responsible  for  the  excess  negative 
charge  on  their  surfaces  causing  the  band  bending  as  detected  by  means  of  surface  photovoltage 
spectroscopy  (SPY)  ’  and  also,  PL  spectroscopy  ’  .  The  potential  distribution  in  spherical 

nanoparticles  with  radius  ro,  was  first  described  by  Albery  and  Bartlett  employing  the  Poisson- 
Boltzmann  equation.  The  potential  difference  (the  band  bending  (Vbb))  at  distance  r  from  the 
center  of  the  particle  is  given  by  equation  (1): 
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where  D  is  the  depletion  length,  ro  is  a  particle  radius,  Ld  is  the  Debye  length  (Ld=  (sq 
SrkBT/e^Nd)^^^,  So  is  vacuum  permittivity,  Sr  dielectric  constant  of  the  material,  Nd  is  the  dopant 
concentration.  For  small  particles  with  ro=D,  where  D  is  the  depletion  layer  thickness,  the  above 
equation  reduces  to: 


erpNci 

SEfEp 


(2) 


For  large  particles  with  ro>  D,  equation  (1)  can  be  written  as: 


T/  riO  —  .D  .2  _  eNciD^ 


(3) 


Equation  (2)  and  (3)  show  that  the  degree  of  band  bending  in  nanosized  particles  depends 
on  the  size  of  the  particle,  dopant  concentration  and  dielectric  constant  of  a  solid  material.  For 
Ti02  nanoparticles,  the  Debye  length,  Ld,  is  ~  4-12  nm,  where  Sr~  31  (anatase)  and  Sr~  100 
(rutile)^'^  and  Nd  =  10^^- 10^^  m'^ 


This  work  employs  TiOi  particles  with  a  nominal  diameter  of  ~  50  nm.  To  validate  the 
existence  of  band  bending  phenomenon  in  our  particles,  we  employ  equation  (3)  for  large 
particles  to  estimate  the  thickness  of  the  deletion  layer  region.  The  estimated  depletion  layer 
thickness,  by  assuming  a  value  of  0.1-  0.4  V  band  bending  ,  is  D  ~  6-12  nm  which  is  much 
smaller  than  the  size  of  one  of  our  TiOi  particles  (see  Appendix  1)  justifying  the  idea  of  band 
bending  in  the  nm-sized  particles. 

Figure  4  shows  that  the  band  bending  phenomenon  is  more  prominent  in  large  than  in 
small  nanoparticles.  For  instance,  large  nanoparticles  (d  >  10  nm)  show  a  higher  degree  of  band 

9 1 

bending,  Vbb  ~  0. 1-0.4  eV  while  Vbb  in  small  nanoparticles  (d  <  10  nm)  is  in  the  order  of  a 
several  meV^’ 
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Large  Particles  Small  Particles 


Figure  4.  Schematic  picture  of  band  bending  in  large  and  small  nanoparticles. 

1.3.3  Light-Induced  and  Adsorbate-Induced  Bend  Banding  in  Semiconductors 

Irradiation-induced  changes  in  the  electronic  structure  (band  bending)  of  semiconductors 
at  the  surface  have  first  been  measured  by  means  of  surface  photovoltage  spectroscopy  (SPY). 
The  non-destructive  SPY  techniques  measure  the  changes  in  surface  potential  without  direct 
contact  with  the  surface.  One  of  the  SPY  techniques  that  directly  measures  changes  in  the  work 
function  (A(j))  (which  is  equal  to  changes  in  surface  band  bending  (eYbb))  is  Kelvin  probe 
spectroscopy.  Kronik  et  al.  ’  and  others  ’  '  reported  irradiation-induced  changes  in  band 
bending  in  Ti02  particles  by  means  of  surface  photovoltage  measurements.  They  found  that 
continuous  supra-band  gap  irradiation  flattens  the  originally  upward  bent  bands  in  n-type  TiOa 
particles  as  shown  in  Figure  5. 
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a)  no  illumination  b)  with  illumination  c)  SPV  saturation 


Figure  5.  Light-Induced  band  bending  and  photovoltage  effect,  (a)  Upward  band  bending  in  an  n-type 
semiconductor;  (b)  Charge  carrier  separation  upon  absorption  of  light  causing  reduced  bend  bending  due 
to  the  favorable  hole  transport  to  the  surface;  (c)  Continuous  irradiation  by  light  induces  a  flat-band 
condition  and  maximum  SPV  signal^^’  . 

On  the  other  hand,  modification  of  a  semiconductor  surface  by  adsorption  of  electron 
acceptor  and  electron  donor  molecules  was  found  also  to  induce  changes  in  electronic  structure 

o/T  O'?  on 

of  the  semiconductor  which  has  been  detected  by  PL  spectroscopy.  Sites  et  al.  and  others  ' 
describe  the  sensitivity  of  photoluminescence  emission  upon  adsorption  of  different  molecules. 
Here,  the  change  in  PL  emission  is  explained  by  the  “dead-layer  model”.  In  brief,  this  model 
recognizes  band  bending  at  a  surface  of  a  semiconductor  where  a  dead-layer  is  formed  within  the 
region  where  the  bands  are  bent  (Figure  6).  Here,  photo-excited  electrons  and  holes  are  swept 
away  from  each  other  as  they  are  driven  by  the  built-in  potential  and  PL  emission  from  the  dead- 
layer  region  is  therefore  suppressed.  Excitation  light  is  absorbed  exponentially  with  depth  in  the 
Ti02  with  an  absorption  coefficient  a  which  is  wavelength-dependent.  The  photoluminescence 
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emission  originates  from  the  region  beyond  the  depth  of  the  band  bending  where  a  fraction  of  the 
incident  excitation  light  is  deposited. 


Dead-Layer  Model 
(n-type  semiconductor) 


Light  Penetration  Depth 
(nm) 


Figure  6.  Schematic  of  the  dead-layer  model.  Band  stmcture  of  an  n-type  semiconductor  and  its 
corresponding  penetration  depth  profile  for  excitation  irradiation. 

Adsorption  of  electron  donor  or  electron  acceptor  molecules  on  a  semiconductor  surface 
causes  the  dead-layer  thickness  to  change  and  thus  causing  a  change  in  the  intensity  of  PL 
emission.  Ellis  et  al.  '  studied  the  change  of  the  dead  layer  thickness  upon  adsorption  of 
different  amines  on  n-type  CdSe  single  crystal  in  a  N2  atmosphere  at  room  temperature  (as 
shown  in  Figure  7a).  They  found  that  the  depletion  layer  thickness  reduces  by  ~  20-100  nm  upon 
adsorption  of  different  amines  as  these  molecules  act  as  positive  charges  on  a  surface  due  to  their 
electron  donor  properties.  The  final  result  was  band  flattening  of  the  originally  upward  bent 
bands  and  an  increase  in  PL  intensity. 
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a)  N2 

PLi~PLo  exp  (-a  Dj) 


b)  amine 

PL2~PLo  exp  (-a  D2) 


Figure  7.  The  electronic  structure  of  n-type  CdSe  single  crystal  for  (a)  a  high  degree  of  upward 
hand  bending  in  a  nitrogen  (N2)  atmosphere-  reference  condition;  for  (h)  a  decrease  in  hand  bending  upon 
introduction  of  different  adsorbed  amines  at  room  temperature.  PL(p  photoluminescence  intensity  for  a 
flat  band  condition. 

There  are  only  a  few  studies  of  the  eleetron-hole  reeombination  proeess  in  semieonduetor 
nanoparticles  or  single  crystals  that  are  performed  under  highly  controlled  conditions  in  vacuum. 
Anpo  et  studied  band  bending  on  both  Ti02  and  ZnO  nanoparticles  under  vacuum  (P~ 

10'^  Torr)  conditions  at  liquid  nitrogen  temperatures.  They  found  that  PL  intensity  decreases 
irreversibly  upon  adsorption  of  oxygen.  The  adsorbed  O2  acts  as  electron  acceptor  forming  a 
negatively  charged  layer  on  a  surface,  which  causes  upward  band  bending  and  suppression  of  the 
PL  signal.  They  also  found  that  the  formation  of  positively  charged  species  (unsaturated 
hydrocarbons,  H2O  and  H2)  via  electron  donation  to  the  Ti02  surface  resulted  in  an  enhancement 
of  PL  intensity.  Idriss  et  al.'^^’  studied  photoluminescence  of  ZnO  in  both  powdered  and  single 
crystal  form  under  vacuum  conditions  at  room  temperature.  They  reported  changes  in  PL 
emission  of  ZnO  upon  adsorption  of  O2,  H2  and  CO  at  high  pressures  (~  100  Torr). 
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1.4  Effect  of  UV  Light  and  Adsorbates  on  Photoluminescence  of  TiOi 

Much  of  the  previous  PL  literature  on  semiconductor  surfaces  were  done  in  poorly- 
controlled,  ambient  atmosphere  conditions'^^'^^  in  contrast  to  the  work  presented  in  this  thesis 
which  is  performed  using  high  vacuum  techniques  under  carefully  controlled  surface  conditions. 
Here,  we  found  that  PL  spectroscopy  is  an  extremely  sensitive  tool  for  studying  both:  (1) 
irradiation-induced;  and  (2)  adsorbate-induced  changes  of  electronic  structure  in  powdered  Ti02 
under  highly  controlled  conditions  at  liquid  nitrogen  temperatures^^  (as  described  in  Chapter 
3).  In  all  the  experiments  presented  here,  the  surface  of  the  Ti02  is  free  of  hydrocarbons, 
hydroxyl  groups  and  other  impurities  as  determined  by  transmission  IR  spectroscopy.  The  effect 
of  UV  irradiation  and  adsorbed  molecules  on  the  band  structure  of  powdered  Ti02  was  studied 
by  directly  observing  the  emission  irradiation  at  2.34  eV  (~  530  nm)  resulting  from  electron-hole 
recombination  processes  under  controlled  gas  adsorption  or  vacuum  conditions.  Our  approach, 
combining  PL  and  IR  spectroscopy  is  unique  to  the  field  at  this  time. 

We  report  that  the  PL  effect  is  enhanced  by  exposure  to  UV  irradiation  which  converts  n- 
type  Ti02  (upward  band  bending)  to  a  flat-band  condition  as  shown  in  Figure  8,  producing  a 
positive  surface  photovoltage. 
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Figure  8.  Continuous  UV  irradiation  of  n-type  Ti02  induces  band  flattening  as  the  thickness  of  the 
depletion  layer  region  reaches  zero,  D^O. 

In  addition,  we  found  that  by  adding  adsorbates  (electron-donor  or  electron-acceptor 
molecules)  in  a  controlled  manner,  PL  emission  is  affected  as  the  adsorbed  molecules  exchange 
charge  with  the  TiOi  surface  producing  a  change  in  the  surface  band  structure  (as  described  in 
Chapter  3).  The  development  of  surface  coverage  (up  to  a  monolayer)  of  adsorbates  is  observed 
by  IR  spectroscopy.  Adsorption  of  molecules  causes  the  rearrangement  of  electronic  charge 
within  the  surface  region  adding  surface  dipoles  which  induce  changes  in  the  work  function  and 
band  bending  of  a  semiconductor.  We  found  that  an  electron  acceptor  molecule  such  as  O2 
induces  upward  band  bending  on  Ti02  surface  and  significantly  suppresses  the  electron-hole 
recombination  in  Ti02.  This  negative  change  in  PL  emission  is  partially  reversible  upon  O2 
removal.  Also,  we  found  that  the  rate  of  development  of  surface  photovoltage  during  exposure  to 
UV  irradiation  is  retarded  as  the  partial  pressure  of  O2  increased.  We  also  reported  that 
adsorption  of  CO  and  NH3  molecules  acting  as  electron  donor  molecules  and  inducing 
downward  band  bending  causes  the  PL  to  respond  oppositely  to  02-acceptor  adsorption.  These 
molecules  adsorb/desorb  reversibly  at  120  K  as  observed  by  the  change  in  PL  intensity. 

Figure  9A  depicts  adsorption  of  an  electron  acceptor  molecule  (EA)  on  the  n-type  Ti02 
surface.  As  an  electron  acceptor  molecule  such  as  O2  approaches  the  Ti02  surface,  an  unfilled 
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molecular  orbital  of  the  EA  molecule  interacts  with  the  Ti02  semiconductor  and  as  a  result,  the 
energy  of  the  molecular  orbital  shifts  toward  the  Fermi  level  of  TiOi.  This  allows  electrons  from 
the  TiOi  surface  to  transfer  to  the  acceptor  O2  molecule.  As  a  result,  an  outwardly-negative 
dipole  layer  forms  on  the  Ti02  surface  (Figure  9C).  This  formation  of  the  surface  dipole  induces 
an  increase  in  the  work  function  causing  upward  band  bending  in  Ti02  as  shown  in  Figure  9B. 
On  the  other  hand,  upon  adsorption  of  an  electron  donor  molecule  on  the  Ti02  surface,  electrons 
from  the  donor  molecule  transfer  to  the  surface  forming  an  outward  positive  surface  dipole 
which  induces  downward  band  bending  at  the  surface  of  Ti02. 
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Semiconductor  Acceptor 
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B.  Change  in  Work 
Function  upon  Adsorption 


C.  Formation  of  a 
Surface  Dipole 


Figure  9.  A.  Changes  in  electronic  structure  upon  adsorption  of  an  electron  acceptor  molecule  on  a  Ti02 
surface;  B.  Change  in  the  work  function,  Acj),  upon  adsorption;  and  C.  Formation  of  a  surface  dipole  upon 
adsorption.  The  acceptor  level  in  EA  is  broadened  hy  the  interaction  with  the  surface. 
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1.5  Photoluminescence  and  Infrared  Spectroscopy  of  TiOi  Powders-Application  to 
the  Study  of  Molecular  Diffusion  in  the  Powder. 

We  found  that  the  combination  of  the  two  surface  spectroscopies  (PL  and  IR)  to  be 
highly  informative  about  molecular  diffusion  through  the  depth  of  the  powder  as  it  allows  one  to 
observe  the  kinetics  of  transport  of  adsorbate  molecules  (CO  and  NH3)  between  the  outermost 
surface  (~20  nm)  region  (observed  exclusively  by  PL)  and  the  interior  of  the  TiOi  powder 
(observed  by  deeply  penetrating  IR  irradiation)^^  (as  described  in  Chapter  4).  Here,  the  PL 
spectroscopy  provides  information  about  the  adsorbate  surface  coverage  development  in  the  first 
~  20  nm  of  TiOi  powder  where  UV  absorption  and  PL  occur,  while  IR  spectroscopy  samples 
through  the  entire  powder  thickness  (0.0095  cm  thick)  providing  information  of  the  behavior  of 
adsorbates  there.  The  transport  into  porous  TiOi  powder  is  governed  by  the  surface  mobility  of 
adsorbed  molecules.  For  instance,  temperature  programmed  desorption  measurements  revealed 
the  activation  energies  for  both  NH3  and  CO  desorption  from  Ti02  to  be  Ed=  92  kJ  mol'^  and 
Ed=  49  kJ  moP'  respectively.  At  the  isothermal  temperature  (120  K)  of  the  diffusion 

_5d 

measurements,  the  Boltzmann  factor,  e  rt,  for  CO  molecule  is  1000  times  larger  than  for  NH3 
indicating  that  CO  has  higher  desorption  rates  (and  mobility)  than  NH3.  Eor  highly  mobile 
molecules  such  as  CO,  both  spectroscopies  show  similar  development  of  the  adsorbed  layer  in 
both  the  20  nm  region  (detected  by  PE)  and  throughout  the  entire  powder  (detected  by  IR).  In 
contrast  to  that,  for  low  mobility  species  such  as  NH3,  the  PE  development  shows  a  monolayer 
completion  in  20  nm  region  long  before  the  NH3  diffusion  occurs  into  porous  Ti02  powder  as 
judged  by  slow  IR  development.  The  transport  governed  by  the  surface  mobility  of  the  adsorbate 
molecule  (CO)  showed  a  hysteresis  effect  during  the  adsorption/desorption  processes. 
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1.6  Electron  Transport  through  Ti02  Particles 

This  work  presents  a  new  method  for  measuring  charge  transport  between  Ti02  particles 
using  an  optical  method  such  as  PL  spectroscopy^^  (as  described  in  Chapter  5).  The  main 
discovery  here  is  that  continuous  UV  irradiation  on  an  n-type  TiOi  electrically  charges  the  TiOi 
powder  by  the  transport  of  the  hole  to  the  surface  (the  photovoltage  effect).  In  the  dark,  the 
powder  discharges  as  negative  charge  relaxes  back  to  the  Ti02  surface.  The  relaxation  of 
negative  charge  back  to  the  surface  is  found  to  be  a  very  slow  process  on  a  minute  time  scale  in 
contrast  to  in  situ  transport  processes  within  single  Ti02  particles  which  occur  on  a  picosecond 
time  scale  in  crystalline  Ti02  The  slow  migration  is  assigned  to  either  electron  hopping  from  a 
Ti02  surface  site  to  surface  site,  or  from  nanocrystallite  to  nanocrystallite  in  the  Ti02  matrix.  We 
used  the  rate  of  the  discharging  process  to  estimate  the  electron  mobility  (~  10’^*^  m^  V'^  s'^) 
between  Ti02  particles  at  BOOK  (see  Appendix  2).  It  was  also  found  that  this  electron  hopping 
process  is  temperature-dependent  with  an  activation  energy  of  15  meV. 

Further,  we  investigated  the  role  of  a  mixture  of  semiconducting  and  metallic  single  wall 
carbon  nanotubes  (SWCNT)  and  a  conjugated  linker  molecule  such  as  1,  2-  dithiol  benzene 
(C6H6S2)  on  charge  transport  between  Ti02  particles  (as  described  in  Chapter  6).  The  highly 
conjugated  SWCNTs  are  believed  to  be  very  good  electron  acceptor  molecules  and  electron 
conductors  due  to  the  electron  delocalization  in  sp^  hybridized  orbitals^"^.  We  measured  the 
charging  and  discharging  rates  for  several  Ti02  samples  that  contained  0%,  1%,  3%  and  5%  of 
SWCNTs  at  a  temperature  where  electrons  are  mobile  (110  K).  Our  measurements  show  that 
Ti02-containing  single  wall  carbon  nanotubes,  while  acting  as  electron  acceptors  by  reducing  the 
PL  intensity,  show  the  same  charging/discharging  rates  as  observed  for  pure  Ti02  powder  (at  a 
constant  temperature)  with  a  discharging  time  constant  of  ti=  50  min.  This  implies  that  SWCNTs 
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which  connect  Ti02  particles  absorb  electrons  or  interfere  with  electron-hole  recombination,  but 
do  not  enhance  electrical  conduction  between  TiOi  particles.  In  contrast  to  this  behavior,  the 
gold  nanoparticles  inhibit  the  buildup  of  positive  surface  photovoltage  as  they  show  strong 
electron  accepting  properties. 
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Chapter  2 

2.  Experimental  Apparatus  and  Methods 

2.1  General  Description. 

The  experiments  to  be  reported  here  involve  the  use  of  a  newly  constructed  high  vacuum 
apparatus  and  spectroscopic  cell  in  which  both  photoluminescence  (PL)  and  transmission 
infrared  (FTIR)  spectroscopy  can  be  applied  to  a  powdered  sample.  Figure  11  shows  the 
arrangement  of  the  setup  used  in  these  experiments.  The  base  pressure  of  the  high  vacuum 
system  is  achieved  by  continuous  pumping  with  a  turbomolecular  pump.  The  base  pressure  of 
the  system  measured  by  a  cold  cathode  gauge  is  -1.5  xlO'^  after  bake  out  at  120  °C  for  30  hours. 
The  apparatus  for  both  IR  and  PL  measurements  consists  of  a  sample  mounted  on  a  liquid 
nitrogen  cooled  XYZ  translational  stage  in  the  high  vacuum  cell  and  a  calibrated  gas  handling 
system  equipped  with  the  various  pressure  gauges,  a  turbomolecular  pump  and  a  quadrupole 
mass  spectrometer  for  residual  gas  analysis  in  the  vacuum  system.  The  measurements  employ 
two  spectrometers:  (1)  Transmission  Infrared  Spectrometer  (Perkin-Elmer,  Spectrum  100  FTIR); 
and  (2)  Photoluminescence  Spectrometer  (Perkin-Elmer,  ES-55). 
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Figure  11.  Top  view-schematic  diagram  of  the  experimental  set  up.  A.  Mobile  gas  handling  system  B. 
Dosing  Volume  (Vo=50  cm^);  C.  High  vacuum  cell;  D.  Sample;  E.  PL  spectrometer  and  F.  IR 
spectrometer.  See  Figure  16  for  more  details  on  the  PL  spectrometer. 

2.2  Parts  of  the  Experimental  Set  up 
2.2.1  High  Vacuum  Cell. 

The  high  vacuum  cell  is  a  stainless  steel  cube  with  six  4.5  inch  ports,  connected  to  a 
small  portable  high  vacuum  pumping  system  on  wheels  that  can  be  moved  from  a  purged-IR 
spectrometer  to  a  nearby  photoluminescence  spectrometer,  and  could  be  accurately  repositioned 
in  each  spectrometer  as  shown  in  Figure  1 1 .  Positioning  of  the  cell  and  vacuum  system  is  done 
with  small  laser  pointers  projecting  onto  an  external  scale,  and  with  the  screw-driven  mechanism 
to  slightly  swing  the  apparatus  in  the  horizontal  direction  (see  Appendix  Cl).  The  picture  of  the 
stainless  steel  vacuum  cell,  shown  in  Figure  12,  contains  two  CaF2  windows  of  23  and  48  mm 
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diameters  which  are  used  either  for  IR  or  PL  measurements  respectively.  The  sample  can  be 
moved  and  precisely  positioned  (to  an  accuracy  of  0.001  inches  in  the  x-  and  y-directions  and  to 
0.04  inches  accuracy  in  the  z-direction)  by  an  XYZ-stage  manipulator.  The  stainless  steel  re¬ 
entrant  Dewar  attached  to  the  XYZ-stage  is  design  to  provide  f -N2  for  sample  cooling,  as  shown 
in  Figure  13.  The  cell  sits  on  FTIR  or  PL  base  plates  which  are  designed  to  maintain  the  constant 
position  of  the  cell  for  both  IR/PL  measurements.  The  cell  is  pumped  with  a  Leybold  150 
turbopump  (150  L/s)  and  achieves  a  limiting  pressure  of  1.5  x  10'^  Torr.  Pressure  is  measured 
with  a  cold  cathode  ionization  gauge  or  with  a  quadrupole  mass  spectrometer  (SRS  Model  RGA 
200). 


High  Vacuum  Cell 
A. 


B. 


K-type 


Figure  12.  A.  Schematic  of  the  high  vacuum  cell  employed  in  PL  and  IR  measurements;  and  B. 
3D  representation  of  the  high  vacuum  cell  with  the  sample  holder  closely  coupled  to  the  CaF2  window. 
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Sample  Holder 


Figure  13.  Schematic  of  a  re-entrant  Dewar  for  f-N2  storage  that  connects  to  a  sample  holder.  The  sample 
holder  is  made  of  oxygen-free  high  conductivity  Cu  to  provide  maximum  thermal  conductivity  between 
the  sample  and  the  re-entrant  Dewar  at  77  K.  The  minimum  achieved  temperature  is  84  K. 
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2.2.2  Sample  Holder 

The  TiOi  powdered  sample  is  pressed  at  6000  psi  as  a  7  mm  diameter  disk  of  thickness 
0.0095  cm  into  a  tungsten  grid  containing  0.22  mm  x  0.22  mm  square  grid  openings  as  shown  in 
Figure  13.  The  optical  transparency  of  the  empty  grid  is  about  70%.  In  some  experiments,  two 
powdered  samples  are  pressed  into  the  grid  mesh.  The  grid  assembly  is  stretched  between  two 
heavy  oxygen-free  high  thermal  conductivity  copper  (OFHC)  clamps  which  are  attached  to  a  re¬ 
entrant  f-N2  Dewar  at  the  end  of  an  electrical  feedthrough.  The  L-  shaped  Cu  clamp  bars  enable 
the  sample  to  be  brought  to  the  focal  point,  positioned  very  close  (-0.6  mm)  to  the  front  CaF2 
window,  in  order  to  detect  more  efficiently  the  emitted  light  from  the  sample.  The  PL  emission 
signal  strongly  depends  on  a  distance  (Ay)  from  the  focal  point  as  shown  in  Appendix  Cl. 

The  temperature  of  the  powdered  samples  is  measured  with  a  type-K  thermocouple, 
welded  to  the  top  center  of  the  grid,  and  the  grid  may  be  programmed  upwards  and  downwards 
in  temperature  using  a  PID  controller  (Eurotherm  2404)  or  a  data  acquisition  card  (National 
Instrument,  DAC)  and  feedback  from  the  thermocouple  to  control  the  heating  current.  The 
temperature  range  is  from  84  K  to  1000  K  (+  0.1  K  precision)  and  the  closely-spaced  grid  wire 
immersed  in  the  powdered  sample  allows  uniform  temperatures  to  be  achieved  across  the  grid^ 
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Cu  leads  connect  to 


Figure  14.  Sample  holder  with  clamped  tungsten  grid  and  the  Ti02  pressed  powder  samples 
which  are  studied  independently. 

2.2.3  Calibrated  Gas  Handling  System. 

The  calibrated  system  consists  of  a  large  diameter  tubing  (bin  O.D  and  2  3/4in  O.D)  that 
provided  high  pumping  speed  as  continually  pumped  by  the  Leybold  150  turbopump.  It  is  also 
equipped  with  the  manifold  for  gas  handling  that  accommodates  five  different  gas  dosing 
cylinders  or  gas-filled  glass  bulbs.  The  background  pressure  in  the  manifold  is  measured  either 
by  a  cold  cathode  gauge  (pressure  range  10'  -10'  Torr)  and  is  ~  1.0  x  10'  Torr  or  by  a  Baratron 
gauge  (pressure  range  0.01-100.00  Torr)  when  the  manifold  is  filled  with  a  gas.  Both  the  gas 
handling  system  and  the  manifold  volume  were  calibrated  by  using  a  method  that  involves 
expansion  of  N2  gas  from  a  reference  volume  to  different  volumes  of  interest  in  the  manifold  (see 

o 

Appendix  C2).  There  is  a  calibrated  volume  (Vo=  50  cm  )  that  served  for  precise  gas  dosing  into 
the  cell.  The  gas  pressure  from  the  volume,  Vo,  is  measured  by  a  second  Baratron  gauge  that 
works  in  the  pressure  range  0.001-10.000  Torr. 
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2.3  Stages  of  a  Typical  Experiment. 

The  powdered  TiOi  (Evonic  Industries-  formerly  Degussa  P-25  material)  was  used  in  all 
of  this  work.  We  measured  the  N2-BET  surface  area  of  P-25  Ti02  to  be  60  m  g'  with  a  nominal 
pore  size  diameter  of  ~12  nm  (see  Appendix  C3).  The  Ti02  is  ~  75%  anatase  and  ~  25  %  rutile 
with  average  particle  size  ~30  nm  and  ~80  nm,  respectively.  Each  experiment  involves  sample 
cleaning  in  the  high  vacuum  cell.  The  typical  cleaning  procedure  is  performed  by  heating  the 
sample  in  vacuum  to  -700  K  when  O2  is  introduced  to  remove  surface  impurities  such  are 
hydrocarbons  as  measured  by  IR  spectroscopy.  The  sample  is  then  evacuated  at  -700  K  and 
cooled  back  down  to  f-N2  temperatures  for  PE  and  IR  measurements.  The  sample  is  linearly 
heated  and  cooled  with  a  1  K/s  rate  using  a  EabVIEW  program. 

In  all  experiments  the  PE  measurements  are  conducted  by  employing  320  nm  (  3.88  eV) 
irradiation.  The  surface  charging,  achieving  a  near-flat  band  condition,  is  obtained  by 
continuously  irradiating  the  surface  for  -  200  min  in  vacuum.  To  study  the  effect  of  different 
adsorbates  on  a  surface,  the  gas  line  is  filled  by  a  certain  gas  to  the  required  pressure  measured 
by  the  Baratron  gauge.  Erom  a  dosing  volume  of  Vo  =  50  cm  and  knowing  the  pressure  of  the 
gas  in  the  volume,  we  are  able  to  calculate  the  number  of  molecules  that  are  introduced  into  the 
cell  by  employing  the  ideal  gas  law.  To  obtain  a  monolayer  of  adsorbed  gas  on  the  powdered 
Ti02  surface,  it  is  necessary  to  adsorb  -  10  molecules  (see  Appendix  C4).  As  the  re-entrant 
Dewar  is  at  -  77  K,  the  dosed  gas  often  extensively  adsorbs  there  and  we  assume  that  only  -10 
%  of  the  dosed  gas  adsorbs  on  the  Ti02  surface.  Thus,  one  dose  from  the  volume  Vo  introduces 
about  0.1  of  a  monolayer  on  the  Ti02  surface  and  the  dose  is  proportional  to  the  number  of 
adsorbed  molecules  on  the  Ti02  surface. 
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During  gas  delivery  into  the  cell  and  its  adsorption  on  the  sample,  UV  light  is  blocked  by 
a  shutter.  Single  scan  PL  measurements  were  made  using  68  s  exposures  from  the  Xe  source  and 
involved  a  total  exposure  to  9.8  x  10  photons  cm'  .  Experiments  show  that  a  68  s  single  scan 
measurement  of  the  PL  only  slightly  modifies  the  Ti02  sample  as  judged  by  the  constancy  of  the 
PL  signal.  However,  continuous  irradiation  by  320  nm  light  produces  a  continuous  increase  in 
PL  intensity  due  to  the  surface  photovoltage  effect.  The  PL  peak  shape  and  position  is  invariant 
during  the  experiments  shown  here.  Small  changes  in  the  sample  position  in  the  PL  spectrometer 
cause  some  variation  in  PL  intensity  and  this  effect  is  minimized  by  geometrical  adjustments. 

The  IR  transmission  measurements  are  obtained  by  passing  the  IR  beam  through  the 
sample  and  collecting  the  signal  by  a  f-Ni  cooled  MCT  detector  that  covers  the  range  4000  cm'^ 
to  1000  cm'\  LTIR  spectra  are  obtained  by  averaging  128-1024  interferograms  with  2  cm'^ 
spectral  resolution.  Each  IR  measurement  is  a  ratio  of  IR  spectra  of  the  sample  and  an  empty 
portion  of  the  tungsten  grid,  obtained  under  identical  conditions.  The  sample  positioning  in  the 
IR  spectrometer  is  discussed  in  Appendix  C5. 

2.4  Photoluminescence  Spectroscopy  of  Semiconductors 

The  photoluminescence  (PL)  intensity  is  a  direct  measure  of  the  rate  of  the  recombination 
process  of  electrons  and  holes  in  a  photoexcited  semiconductor.  Ligure  15  depicts  a  typical  PL 
process  where  electrons  in  a  semiconductor  are  excited  by  absorption  of  photons  with  energy 
greater  than  the  bandgap  of  the  semiconductor.  Upon  excitation  of  an  electron  into  the 
conduction  band,  it  quickly  relaxes  to  the  bottom  of  the  band  by  giving  up  energy  to  phonons, 
and  then  finds  a  defect  site  where  it  recombines  with  a  hole.  This  recombination  process  is 
usually  accompanied  by  emission  of  photons  (hvemiss.)  of  lower  energy  than  that  of  the  excitation 
photons  (hvexc.)  and  is  known  as  photoluminescence  (PL)  emission. 


31 


43 


Photoluminescence  measurements  are  usually  performed  at  low  temperatures  as  phonon 
vibrations  are  significantly  reduced  and  the  probability  for  an  electron  to  be  scattered  by  a 
phonon  is  therefore  minimized.  As  a  result,  the  recombination  of  charge  carriers  is  enhanced, 
resulting  in  a  strong  PL  signal.  On  the  other  hand  at  higher  temperatures,  phonons  are  thermally 
activated  resulting  in  enhanced  electron-phonon  interaction  and  a  decrease  in  the  PL  emission. 
We  found  that  the  electron-hole  recombination  process  is  temperature-dependent  process  with  an 
activation  energy  of  72  +  2  meV  (see  Appendix  C6). 


TIOj 


Figure  15.  Schematic  of  photoluminescence  process.  Recombination  of  photo-excited  eharge 
carriers  at  a  defect  site  result  in  emission  of  photoluminescence  light. 

2.4.1  Photoluminescence  Measurements. 

In  this  thesis,  photoluminescence  measurements  were  made  using  the  pulsed  Xe  source 
operating  at  60  Hz  with  a  pulse  width  of  <10  ps.  During  measurements,  continuous  exposure  to 
the  pulsed  incident  radiation  takes  place  unless  a  shutter  is  used  to  block  the  radiation.  The 
measured  power  at  the  sample,  averaged  over  time,  is  9.1x10'  Is'  cm'  [1.5x10  photons  cm' 
s'^  ]  at  the  incident  wavelength  of  320  +  10  nm  (3.88  eV),  using  a  grating  and  a  band  pass  filter 
on  the  source  side  (  see  Appendix  C7  ).  There  are  two  Monk-Gillieson  type  monochromators  on 
both  the  excitation  and  emission  side  that  cover  the  wavelength  ranges  200-800  nm  and  200-900 
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nm  for  the  excitation  and  emission,  respectively.  Both  monochromators  have  slit  widths  that  can 
be  varied  to  yield  a  spectral  range  of  2.5-  20  nm.  The  schematic  of  the  PL  instrumentation  used 
for  photoluminescence  measurements  in  this  work  is  depicted  in  Figure  16.  The  UV  radiation 
falls  across  the  center  of  the  sample  in  a  rectangular  region  2  mm  in  width  by  7  mm  in  height 
(0.14  cm  ).  The  spectra  were  obtained  using  20  nm  slit  width  on  the  source  and  the  detector  side 
and  a  scan  speed  of  500  nm  min'\  The  instrument  ratios  the  PL  signal  to  the  pulsed  source 
signal.  The  PL  signal  is  detected  by  an  R928  photomultiplier  tube  that  covers  the  200  -  900  nm 
range.  In  our  experiments,  the  incident  light  strikes  the  sample  at  an  angle  of  ~  60°  with  respect 
to  the  normal  as  the  sample  in  the  IR/PL  cell  is  tilted  by  ~  15°  away  from  the  incident  light.  This 
geometry  enables  excitation  light  to  be  absorbed  by  the  sample  to  produce  photoluminescence 
but  it  also  minimizes  the  detection  of  reflected  excitation  light.  The  PL  signals  were  measured 
15°  off  the  specular  direction  in  order  to  minimize  reflection  of  the  source  light  from  the  sample 
surface  and  CaF2  window  (see  Appendix  C8).  A  cutoff  filter  at  390  nm  was  used  on  the 
detector  side  to  further  minimize  the  influence  of  reflected  source  light. 
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Figure  16.  Schematic  representation  of  a  standard  photoluminescence  instrument  that  employs  right- 
angle  detection  geometry.  The  standard  instrument  is  modified  hy  a  320  nm  hand  pass  filter  and  a  390  nm 
cut  off  filter. 

2.5  Transmission  Infrared  Measurements. 

In  this  work,  we  employ  Transmission  Fourier  Transform  Infrared  (Transmission-FTIR) 
spectroscopy  to  study  the  adsorption  of  gases  on  the  powdered  Ti02  surface.  The  IR  beam  path 
in  the  infrared  spectrometer  must  be  free  of  infrared  absorbing  atmospheric  gases  such  as  CO2 
and  H2O.  Both  gases  are  eliminated  by  continuous  purging  of  the  beam  path  with  dried-air  that  is 
itself  free  of  H2O  and  CO2.  The  dried-air  is  obtained  from  a  gas  generator  unit  (Parker)  (see 
Appendix  C9).  Here,  the  IR  beam  path  in  the  sample  compartment  is  separately  purged  from  the 
IR  source  and  detector  by  sealing  the  IR  pathway  volume  with  a  specially  designed  rubber 
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sleeves  (see  Appendix  C9).  The  small  volume  within  the  rubber  sleeves  is  rapidly  purged  by 
dried-air  and  purging  is  30  times  faster  than  purging  the  entire  IR  compartment.  In  our 
measurements,  it  was  important  to  develop  quick  purging  of  the  IR  beam  as  the  cell  and  its 
connecting  tubing  is  frequently  transferred  in  and  out  of  the  spectrometer. 

The  infrared  instrument  employed  here  is  a  commercially  available  Perkin-Elmer 
(Spectrum  100,  FTIR)  spectrometer  that  consists  of  an  infrared  source  emitting  continuous  IR 
irradiation.  The  IR  beam  is  reflected  by  a  mirror  and  directed  to  a  beam  splitter  (KBr)  inside  the 
Michelson  interferometer.  The  beam  splitter  assists  in  passing  50  %  of  the  IR  beam  onto  a 
moving  mirror  that  travels  back  and  forth  through  a  distance  (Ax)  with  a  constant  velocity,  as 
well  as  in  passing  the  other  50  %  of  the  beam  onto  a  fixed  mirror.  The  velocity  of  the  moving 
mirror  is  monitored  by  a  HeNe  laser  installed  in  the  spectrometer.  Upon  the  light  reflection  from 
both  mirrors,  two  IR  beams  recombine  at  the  beam  splitter.  Further,  the  beam  is  focused  by 
mirrors  and  passed  through  the  sample  ultimately  reaching  a  Mercury-Cadmium-Telluride 
(MCT)  detector  that  operates  at  77  K.  The  MCT  detector  measures  the  photocurrent  induced  by 
incoming  IR  irradiation.  Here,  the  IR  light  excites  electrons  into  the  conduction  band  of  the 
HgCdTe  alloy  which  band  gap  energy  can  be  tunable  in  the  range  between  0-1.5  eV  depending 
on  the  Cd  content.  The  recorded  signal  contains  information  about  all  IR  excited  vibrations  in  the 
system  and  as  a  function  of  time,  S  (t).  The  recorded  function  S  (t),  known  as  interferogram,  is 
easily  converted  into  a  signal  in  frequency  domain,  S  (v),  by  employing  a  mathematical  method 
called  Fourier  Transformation. 

2.6  Photoluminescence  and  Infrared  Surface  Sensitivity. 

The  penetration  depth  of  monochromatic  excitation  light  depends  on  the  absorption 
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coefficient  of  Ti02  and  it  is  wavelength-dependent '  .  In  other  words,  by  selecting  a  desired 
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excitation  wavelength,  it  is  possible  to  select  the  penetration  (sampling)  depth  of  the  material.  In 
the  study  here,  the  PL  measurements  employ  320  nm  (3.88  eV)  excitation  light  which  penetrates 
only  ~  20  nm  providing  information  only  about  the  very  outer  surface  of  the  powdered  Ti02  as 
shown  in  Figure  17.  It  is  calculated  (see  Appendix  CIO)  that  the  total  number  of  sites  exposed 
to  UV  irradiation  in  a  20  nm  depth  is  ~  8.0  x  10^"^  sites  while  the  entire  depth  of  0.0095  cm 
(95,000nm)  of  the  powder  contains  ~5.0  xlO^^  sites.  Thus,  the  number  of  sites  probed  by  PL 
spectroscopy  is  only  ~  lO'"^  of  the  total  number  of  sites  in  the  powdered  sample.  On  the  other 
hand,  transmission  infrared  spectroscopy  employed  here,  provides  information  about  adsorption 
of  molecules  throughout  the  entire  depth  of  TiOi  powder^. 


UV 

penetration 

depth 


Figure  17.  PL  spectroscopy  penetrates  ~  20  nm  into  a  Ti02  surface  and  samples  8.0  x  10*"^  sites  while  IR 
spectroscopy  penetrates  95,000  nm  into  Ti02,  sampling  3.0  x  lO’*  sites. 
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Chapter  3. 

Photoluminescence  of  Ti02-  Effect  of  UV  Light  and  Adsorbed  Molecules  on 
Surface  Band  Structure 

Published  worked:  Stevanovic,  A.;  Buttner,  M.;  Zhang,  Z.;  Yates,  J.  T.,  Jr.,  J.  Am.  Chem.  Soc. 
2012,  134,  324-32. 

Abstract 

The  photoluminescence  (PL)  of  TiOi  at  529.5  nm  (2.34  eV)  has  been  found  to  be  a  sensitive 
indicator  of  the  modification  of  the  band  structure  by  surface  charging  due  to  UV-  induced 
positive  surface  potential  changes  which  shift  the  depth  of  the  depletion  layer.  In  addition, 
reversible  band  bending  due  to  the  adsorption  of  the  electron  donor  NH3  and  CO  molecules  has 
been  observed  in  measurements  which  combine  photoluminescence  with  FTIR  surface 
spectroscopy.  It  has  been  found  that  the  O2  molecule  acts  in  two  ways-  as  a  reversibly  adsorbed 
electron  acceptor  molecule  and  as  an  irreversibly  adsorbed  molecule  which  heals  natural  oxygen 
vacancy  defects  in  the  near  surface  region. 

1.  Introduction 

Titanium  dioxide  is  vital  for  solar-driven  technologies  such  as  sunlight-activated 
environmental  remediation  for  photodegradation  of  toxic  materials  ’  .  Also,  photovoltaic  cells 
based  on  TiOi  are  widely  used  Titanium  dioxide  has  a  band  gap  of  3.0  -  3.2  eV  that  permits 
activation  by  the  UV  component  of  sunlight.  An  electron-hole  (e'-h"^)  pair  is  produced.  The  hot 
electron  quickly  relaxes  to  the  bottom  of  the  conduction  band  where  its  mobility  can  carry  it  to  a 
defect  site  or  elsewhere.  The  presence  of  defects  or  impurities  perturbs  the  local  band  structure 
of  Ti02  and  breaks  the  periodicity  of  the  lattice.  Defects  generate  a  local  charge  anomaly  and 
thus  act  as  traps  of  photogenerated  electrons  and  holes  At  low  temperatures,  as  employed  in 
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this  work,  the  interactions  between  photoexcited  charge  carriers  and  lattice  phonons  are 
significantly  reduced  and  as  a  result,  charge  carriers  become  trapped  at  defect  sites  where  they 
recombine  emitting  photoluminescence  light  (PL)  or  heat.^'^  The  energy  of  the  emitted  photon 
depends  on  the  band  structure  and  defect  site  energies  in  the  material. 

Ellis,  et  al.^’  first  suggested  that  the  variation  in  PL  intensity  by  the  adsorption  of  charge  - 
donating  molecules  on  an  n-type  semiconductor  could  alter  the  surface  band  structure  of  the 
semiconductor  by  reduction  in  the  depletion  width  as  donor  molecules  are  adsorbed.  This 
concept  builds  on  earlier  investigations^',  where  effects  of  band  bending  on  changing  the  depth 
of  the  depletion  layer  in  semiconductors  were  observed  to  affect  the  intensity  of  PL  since  the 
depletion  layer  is  a  dead  layer  for  electron-hole  pair  recombination  processes  leading  to  PL.  The 
idea  that  donor  or  acceptor  molecules  could  influence  PL  in  Ti02  as  a  result  of  changes  in  the 
thickness  of  the  dead  layer  due  to  band  bending  was  developed  by  Anpo  and  coworkers  ’  .  In 
addition,  Solomon  et  al.'"'  and  Dunstan'^  suggested  that  UV  light  irradiation  alters  the  band 
bending  in  amorphous  silicon,  flattening  the  band  due  to  the  recombination  of  photoexcited 
electrons  and  naturally  present  positive  charge  at  or  near  the  surface.  In  contrast  to 
recombination  in  the  bulk,  work  by  McHale  et  al.'^  has  identified  a  photoluminescence  band  at  ~ 
530  nm  in  Ti02  in  agreement  with  our  measurements,  and  has  ascribed  this  PL  emission  to 
recombination  of  a  mobile  electron  with  a  trapped  hole  on  the  Ti02  surface,  where  the  Ti02  is  in 
contact  with  solvents. 

This  paper  considers  the  effect  of  UV  light  on  the  surface  band  structure  of  Ti02  particles  in 
high  vacuum  or  following  controlled  gas  adsorption.  It  is  found  that  the  PL  effect  is  enhanced  by 
exposure  to  UV  which  ultimately  converts  n-type  Ti02  to  a  flat-band  condition,  as  a  result  of 
changes  in  the  surface  photovoltage.  In  addition,  the  intensity  of  PL  can  be  modified  by 
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adsorbates  which  exchange  charge  with  TiOi,  producing  a  change  of  the  surface  band  bending 
structure.  We  also  find  that  O2  adsorption  irreversibly  reduces  the  concentration  of  natural 
defects  in  the  surface  region  of  TiOi  particles,  reducing  PL  intensity.  It  is  likely  that  these  defects 
are  oxygen  vacancies  or  Ti^"^  sites  at  very  low  concentration. 

2.  Experimental 

TiOi  powder  (Evonic  Industries-  formerly  Degussa  P-25  material)  was  used  in  all  of  this 
work.  The  mass  of  the  sample  is  6.3  x  10'^  g.  Thus,  in  1  cm^  geometrical  area  exposed  to  UV, 
about  4  X  10  surface  sites  within  the  depth  (0.005  cm)  of  the  sample  are  exposed  to  gas  during 
adsorption.  Since  UV  irradiation  at  320  nm  has  an  absorption  depth  of  -12-25  nm  in  bulk 
rutile^^'^^  and  -  17  nm  in  anatase'^,  approximately  approximately  8  x  10^"^  surface  sites  cm'^  in 
the  nominal  penetration  depth  are  involved  in  adsorption  within  the  depth  of  PL  emission.  Thus, 
within  the  approximations  used  here,  about  0.1  photon  (surface  TiOi  site-s)’^  is  incident  during 
the  PL  measurements. 

Lor  cleaning  the  TiOi  was  heated  in  vacuum  to  700  K  and  0.12  Torr  of  O2  was  introduced  for 
30  min.  to  remove  surface  impurities  and  to  partially  oxidize  the  sample.  The  sample  was  then 
evacuated  for  30  min.  at  700  K.  Research  grade  O2  (99.99  %),  NH3  (99.99  %)  and  CO  (99.99  %) 
were  used  for  adsorption  in  the  experiments  presented  here. 

3.  Experimental  Results 

A.  Infrared  Spectrum  of  Ti02 

Ligure  1  shows  the  IR  spectrum  of  the  as-received  Ti02  material  and  the  material  after  the  O2 
treatment  for  Ih  at  700  K  and  cooling  to  87  K  in  vacuum.  Both  spectra  were  acquired  at  87  K. 
Originally,  Ti02  powder  (as-received)  contains  adsorbed  isolated  Ti-OH  groups  on  the  surface. 
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The  0-H  stretching  modes  show  several  different  sharp  absorption  bands  in  the  range  3750-3400 
cm'  which  indicate  the  presence  of  different  types  of  isolated  Ti-OH  groups  on  the  surface  ’  . 
Hydrogen  bonding  between  OH  groups  at  high  surface  coverages  produces  a  broad  low 
frequency  band  which  is  not  observed  here.  In  addition,  saturated  hydrocarbons  are  present  on 
the  surface  as  indicated  by  C-H  stretching  modes  at  2956  cm'\  2925  cm'\  and  2854  cm'\  After 
the  cleaning  procedure  in  O2,  the  TiOi  surface  contains  a  very  small  fraction  of  Ti-OH-  and  C-H- 
bearing  species  as  estimated  by  the  low  absorbances  in  Figure  2.  Adsorbed  carbonate  (CO3  ')  on 
the  surface,  yielding  modes  in  the  1300-1800  cm'*  region,  originates  from  CO2  adsorption  on  the 
Ti02  surface.  The  IR  spectrum  of  the  prepared  sample  remains  unchanged  throughout  the 
experiments  shown  here. 


Figure  1.  Infrared  spectra  of  “as  received”  (blue)  and  clean  (red)  Ti02  powder  at  87K  in  vacuum.  The 
clean  surface  was  obtained  by  treating  the  sample  at  700K  in  an  oxygen  atmosphere.  The  IR  spectrum  is 
invariant  over  the  experiments  reported  here. 
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B.  Photoluminescence  Development  During  UV  Irradiation 

Figure  2A  shows  the  PL  development  during  continuous  UV  irradiation  in  vacuum  at  87  K. 
The  sample  was  irradiated  at  >.=320  nm  (3.88eV).  The  PL  intensity  maximum  occurs  at  >.=529.5 
nm  (2.34  eV)  and  it  increases  as  UV  radiation  is  continuously  absorbed.  Two  spurious  peaks  are 
observed  at  390  nm  and  780  nm,  respectively.  The  peak  at  >.=390  nm  is  due  to  a  small  amount  of 
reflected  source  radiation  and  its  intensity  remains  constant  during  irradiation  as  PL  develops. 
The  peak  at  780  nm  is  a  second-order  feature  of  the  390  nm  reflected  light  and  also  remains 
constant  during  irradiation.  It  is  also  weakly  seen  in  the  reference  spectrum  measured  for  the 
clean  grid  support  (blue  line).  Figure  2B  shows  a  plot  of  the  increasing  PL  peak  maximum 
intensity  from  the  data  in  Figure  2A  as  a  function  of  UV  irradiation  time.  After  the  sample  was 
irradiated  for  -160  min,  the  UV  light  was  blocked  for  -  60  min  and  then  the  sample  was 
irradiated  again  for  -  90  min.  The  PL  peak  intensity  produced  by  UV  irradiation  remains 
essentially  unchanged  (region  b  in  Figure  2B)  when  the  Ti02  is  stored  -  60  min.  in  the  dark  in 
vacuum.  The  storage  of  charge  on  the  irradiated  TiOi  surface  has  previously  been  observed  ’  . 
Under  the  vacuum  conditions  employed  here,  any  trace  of  adsorbed  background  gas,  not 
measured  by  IR,  does  not  change  the  efficiency  of  PL.  The  enhancement  of  PL  continues  when 
the  sample  is  irradiated  again  in  vacuum,  after  storage  in  the  dark  at  87  K,  as  shown  beyond  220 
min.  in  region  (c)  in  Figure  2B.  This  experiment  shows  that  the  increasing  PL  intensity  produced 
by  UV  irradiation  corresponds  to  the  production  of  a  stable  surface  condition  at  87  K  in  vacuum. 
In  addition,  the  absorption  spectrum  of  Ti02  (not  shown)  indicated  no  evidence  for  an  absorption 
band  in  the  frequency  range  of  the  PL  light  emission. 
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Figure  2.  A.  Photoluminescence  development  of  Ti02  during  irradiation  in  vacuum.  Reference  spectrum, 
a  clean  W-grid  at  the  sample  position,  is  shown  hy  the  blue  line.  B.  The  photoluminescence  intensity  of 
Ti02  increases  as  a  function  of  UV  exposure  at  87  K  in  vacuum:  (a)  The  sample  was  irradiated  hy  A,=  3.88 
eV  for  160  min  (red  curve).  The  photoluminescence  intensity  increases  with  irradiation  as  the  number  of 
photon-accessible  defects  increases;  (b)  The  sample  was  stored  in  the  dark  in  vacuum  for  60  min;  (c)  The 
sample  was  irradiated  again  by  A,=  3.88  eV  for  90  min.  (blue  curve).  Photoluminescence  remains  constant 
when  the  UV  light  is  off  (-60  min)  and  continues  to  increase  when  the  UV  light  is  on. 

C.  Photoluminescence  Enhancement 

Figure  3A  indicates  the  change  in  PL  intensity  during  UV  irradiation  at  different  photon 
fluxes.  Three  identical  experiments  were  performed  with  100  %,  70  %  and  40  %  of  the  full 
photon  flux,  respectively,  using  neutral  density  grids  to  reduce  the  incident  photon  intensity.  The 
Ti02  powder  was  irradiated  for  -  216  min  in  vacuum  at  87  K.  In  all  three  experiments,  the  PL 
intensity  increases  with  time  and  approaches  a  saturation  level.  Two  important  observations  may 
be  made;  (1)  The  increase  in  PL  intensity  is  a  result  of  exposure  of  the  material  to  incident  UV 
light  (process  ki);  and  (2)  A  saturation  condition  is  achieved  after  long  irradiation.  In  addition  in 
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Figure  3A,  when  the  incident  UV  photon  flux  is  reduced,  the  PL  generation  rate  decreases, 
achieving  the  saturation  point  more  slowly. 


Figure  3.  A.  Photoluminescence  intensity  of  Ti02  as  a  function  of  time  at  different  photon  fluxes:  100%; 
70%;  and  40%.  The  rate  of  production  of  photon-accessible  defect  concentration  decreases  as  the  light 
intensity  decreases.  B.  Functional  fit  of  PL  intensity  development  during  irradiation  for  different  photon 
fluxes:  Fhv  =  100%;  F^v  =  70%;  and  Fhv  =  40%.  Solid  squares  represent  experimental  data.  All  data  are 
fitted  by  equations  (3)  and  (5)  and  fits  are  shown  by  solid  lines. 

Charging  the  surface  by  exposure  to  UV  photons  will  alter  the  surface  potential 
(photovoltage)  and  the  degree  of  band  bending  and  hence  will  produce  changes  in  the  depth  of 
the  depletion  region.  Accumulation  of  a  positive  charge  on  an  n-type  semiconductor  surface 
(decrease  in  work  function)  will  decrease  upward  band  bending  leading  to  a  flat-band  structure, 
resulting  in  the  saturation  of  PL  intensity  as  the  length  of  the  depletion  region  decreases  to  zero. 

Based  on  these  observations,  the  effect  can  be  described  by  a  model  where  1  cm  of  surface 
area  is  considered;  UV  irradiation  induces  a  reduction  in  surface  charge  which  enhances  PL  due 
to  a  reduction  in  upward  band  bending  on  the  n-type  semiconductor;  the  PL  intensity  is 
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proportional  to  the  active  defect  concentration  [D]  (cm'^)  averaged  over  the  entire  depth  of  light 
penetration  in  an  individual  Ti02  particle.  A  natural  saturation  will  be  achieved  at  long  UV 
exposure  times  when  the  band  bending  is  reduced  to  zero.  Therefore,  the  change  in  photon- 
accessible  defect  concentration  during  UV  exposure  can  be  described  by  the  following  equations: 


^  =  ki  Fhv  ([Dsat]  -  [D]) 


Ir^lDsat]  [P]  ^  _fc^Fhvt 
[^sat]  [^o] 


(1) 

(2) 


where  [D]  =  the  PL  active  defect  concentration  expressed  as  an  average  concentration  of  the 
photon-accessible  defects  over  the  active  PL  region  and  the  dead  region  considered  together;  ki  = 
the  rate  constant  for  photon-accessible  defect  production;  Fhv=  the  photon  flux  at  3.88  eV;  and 
[Dsat]  =  upper  limit  of  photon-accessible  defect  concentration  available  for  PL.  At  any  time,  the 
quantity  ([Dsat]-[D])  =  the  photon-accessible  defect  concentration  which  may  be  developed  by 
irradiation  until  saturation. 


We  may  write  for  the  photoluminescence  rate, 
[PL]  =  k2Fhv[D] 

Since, 


[D] 


[PL] 

k2Fhv 


(3) 


(4) 


where  ki  =  proportionality  constant  for  PL;  [PL]=  intensity  of  2.34  eV  photoluminescence  light. 

Using  the  expressions  (2)  and  (4)  the  photoluminescence  intensity  development  during  UV 
irradiation  is  obtained: 


[PL]  =  PL,at  -  (PL,at  -  PLo)e-kiFhvt 


(5) 
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or, 


P^sat  Pr 


■) 


-ki  Fhv  t 


(6) 


Equation  (5)  accurately  fits  the  experimental  data  in  Figure  4,  including  scaling  with  Fhv  as 
shown  by  the  line  fits  to  the  points  in  Figure  4A  and  4B.  Figure  4B  shows  the  PF  intensity 
dependence  on  the  photon  flux  as  the  logarithmic  function  derived  in  equation  (6).  The  slopes  of 
the  curves  are  directly  proportional  to  the  Fhv  of  incident  light.  Deviation  of  a  few  points  on  the 
upper  plot  from  the  linear  dependence  at  100%  Fhv  is  probably  due  to  some  small  experimental 
error. 


D.  Annealing  Effect 

Figure  4  shows  that  the  PF  intensity  decreases  as  the  annealing  temperature  (Ta)  is  increased 
in  vacuum  following  near  saturation  of  the  photon-available  defect  concentration  by  UV 
irradiation.  After  each  annealing  process,  the  PF  increases  again  for  increasing  exposure  to  UV 
radiation.  The  sample  was  annealed  from  87  K  to  Ta,  and  then  cooled  back  down  to  87  K.  All  PF 
measurements  were  obtained  at  87  K.  This  observation  is  consistent  with  an  irreversible  thermal 
effect  which  removes  the  flat  band  condition  previously  established  by  irradiation.  The  heating 
may  cause  redistribution  of  negative  charge  on  the  surface  that  induced  band  bending  and  hence 
decrease  in  the  PF  intensity. 
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Figure  4.  The  PL  intensity  decrease  as  the  annealing  temperature  increases  in  vacuum.  The  sample  was 
annealed  from  87  K  to  T^  and  then  cooled  hack  down  to  87  K.  All  PL  measurements  were  obtained  at  87 
K.  After  annealing  in  vacuum,  continuous  irradiation  causes  PL  enhancement. 

E.  Effect  of  the  Adsorption  of  NH3 

Following  the  photo-production  of  a  near-saturated  level  of  photon-accessible  defects  able  to 
cause  e'-h"^  recombination  (flat-band  condition),  donor  NH3  molecules  were  adsorbed  on  the 
Ti02  at  200  K.  In  Figure  5,  the  first  dose  of  NH3  decreased  the  intensity  of  photoluminescence 
immediately,  and  subsequent  NH3  doses  had  no  additional  effect  (region  (b)).  Upon  evacuation, 
the  PL  intensity  returned  to  near  its  initial  value  immediately  (region  (c)).  This  is  evidence  for 
the  reversible  adsorption/desorption  of  NH3  on  the  outer  TiOa  surface  regions  being  probed  by 
photoluminescence.  The  adsorption  of  NH3  is  observed  by  IR  spectroscopy  for  the  exposures 
used  here  at  200  K  (not  shown).  All  PL  measurements,  following  NH3  adsorption  at  200  K  in 
Figure  5,  are  made  after  adsorption  at  200  K  and  then  cooling  to  120  K.  It  may  be  seen  that  a 
perfectly  reversible  behavior  is  observed  as  the  PL  responds  to  adsorbed  NH3.  This  is  in 
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accordance  with  the  development  of  a  surface  potential  moving  in  the  negative  direction  for  NH3 
adsorption  on  a  flat  band  condition  achieved  by  prior  irradiation.  Adsorption  results  in  downward 
band  bending,  consistent  with  the  known  behavior  of  NH3  as  a  donor  molecule. 


time  (min) 


Figure  5.  Effect  of  NH3  adsorption  and  desorption  on  PL  intensity  following  production  of  positive 
surface  charge  by  irradiation.  Adsorption  and  desorption  at  200  K  occurs  rapidly  in  the  near-surface 
region  of  the  powdered  layer  when  excited  by  UV  irradiation. 

F.  Effect  of  Adsorption  of  CO 

As  shown  in  Figure  6,  carbon  monoxide  was  adsorbed  at  120  K  on  an  irradiated  sample 
(region  (a))  showing  initially  a  near  maximum  photoluminescence  intensity.  CO  adsorption  was 
carried  out  in  region  (b).  An  absorption  band  at  v(CO)  --2180  cm'\  accompanied  by  a  small  IR 
feature  at  v(CO)  ~  2165  cm'\  was  observed  to  develop  (not  shown).  Since  the  frequencies  are 
above  the  gas  phase  v  (CO(g))  ~  21 43cm' \  the  CO  molecule  is  behaving  as  a  weak  donor 
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molecule.  The  PL  intensity  decreased  as  CO  was  adsorbed,  region  (b).  As  desorption  of  the  CO 
occurs  after  the  cell  evacuation  back  to  high  vacuum  at  -120  K,  the  PL  is  restored  and  the 
intensity  of  PL  returns  to  the  value  originally  achieved  by  irradiation.  These  results  indicate  that 
the  CO  also  acts  as  a  donor  molecule  resulting  in  downward  band  bending  from  the  initial  flat- 
band  condition.  The  PL  responds  reversibly  to  the  adsorption/desorption  of  CO.  This  observation 
is  consistent  with  the  development  of  a  surface  potential  moving  in  the  negative  direction  upon 
CO  adsorption. 
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Figure  6.  (a)  Black  curve  represents  PL  evolution  during  continuous  UV  exposure  in  vacuum;  (b)  Red 
curve  shows  the  change  in  PL  intensity  during  CO  adsorption  until  saturation  coverage  was  attained  (as 
judged  by  IR)  in  the  dark  at  120  K;  (c)  The  PL  intensity  recovers  reversibly  after  the  system  was 
evacuated  in  the  dark  at  120K. 
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G.  Effect  of  O2 

Figure  7  shows  the  change  in  PL  intensity  during  UV  irradiation  when  02(g)  is  present.  It 
shows  a  suppression  of  the  photoluminescence  enhancement  rate  in  increasing  O2  pressures  at 
120  K  for  continuous  exposure  to  UV  light.  In  other  words,  the  UV-light  induced  PL  intensity 
enhancement  is  inhibited  by  O2  at  120  K.  No  change  in  PL  intensity  is  observed  in  region  (b) 
after  the  system  is  evacuated  back  to  high  vacuum  and  stored  in  the  dark  for  ~15  min,  implying 
that  the  surface  condition  (produced  by  UV  irradiation  in  low  02(g)  pressures  at  120  K)  is  stable 
in  vacuum  in  the  dark.  This  is  in  agreement  with  a  similar  observation  at  87  K  as  shown  in 
Figure  2B  (region  (b)).  In  addition,  in  region  (c)  when  the  sample  is  continuously  UV  irradiated 
again  in  vacuum,  the  PL  intensity  increases  again  due  to  the  continued  formation  of  a  negative 
surface  potential  by  UV  irradiation  in  the  absence  of  O2. 


Figure  7.  The  PL  intensity  development  during  irradiation  when  low  pressures  of  O2  (g)  are  present:  (a) 
PL  development  in:  vacuum  (black)  and  in  O2  atmosphere  (green  -  3.0x10  ^Torr;  blue  -  6.5x10'^  Torr  and 
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red  -1.0x10'^  Torr);  (b)  No  change  in  PL  intensity  occurs  in  dark  in  vacuum  for  15  min;  (c)  PL  intensity 
increases  again  in  vacuum  when  exposed  to  UV  irradiation. 

Figure  8A  (region  (b))  shows  the  change  in  PL  intensity  caused  by  O2  adsorption  in  the  dark 
at  120  K  after  first  achieving  the  maximum  PL  intensity  by  irradiation.  The  PL  intensity 
smoothly  decreases  (inset  e)  after  introducing  increasing  O2  pressures,  Pq^-  The  initial  and  final 
O2  pressures  are  1.5x10'  Torr  and  3  Torr,  respectively.  The  UV  light  is  blocked  between  O2 
doses  in  the  region  (b).  These  results  indicate  that  the  PL  intensity  at  120  K  is  extremely 
sensitive  to  the  presence  of  O2  molecules  which  cause  a  decrease  in  PL.  This  effect  is  related  to 
the  production  of  weakly-adsorbed  O2  in  equilibrium  with  gas  phase  02^^  which  is  a  precursor  to 
the  chemisorption  of  O2.  The  PL  intensity  decreases  quickly  when  the  Ti02  is  exposed  to  small 
pressures  of  O2  (1.5x10'  Torr  -  4.0x10'  Torr)  and  reaches  a  minimum  at  ~3  Torr  at  120  K. 
After  02(g)  is  pumped  away  (region  (c))  the  PL  intensity  rises  immediately  as  weakly-bound  O2 
desorbs.  Following  abrupt  O2  desorption  in  region  (c),  the  PL  shows  the  previously  observed 
effect  (an  increase  in  PL  intensity)  when  the  sample  is  further  irradiated  by  UV  light  in  vacuum. 
Figure  8B  shows  (in  region  (a))  the  change  in  PL  intensity  achieved  by  UV  exposure  in  vacuum. 
Region  (b)  shows  the  PL  behavior  after  O2  adsorption  at  113  K  in  the  dark.  After  each  O2  dose 
(0.1  Torr,  0.5  Torr,  5.0  Torr,  9  Torr),  the  PL  is  recorded  as  a  function  of  time.  The  UV  light  is 
always  maintained  on  between  the  measurements  in  contrast  to  the  experiments  shown  in  Figure 
8A.  The  PL  intensity  decreases  dramatically  when  the  first  O2  dose  (0. 1  Torr)  is  in  contact  with 
the  surface.  The  PL  intensity  remains  almost  unchanged  in  the  presence  of  O2  at  various  high 
values  of  Pq^  during  UV  irradiation.  This  shows  that  at  sufficiently  high  Pq^,  UV  irradiation 
cannot  cause  enhancement  in  PL.  The  small  decrease  in  PL  intensity  for  increasing  Pq^  is 
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probably  due  to  the  slight  Ti02  sample  warming  as  higher  02(g)  pressures  were  used,  caused  by 
heat  transfer  to  the  sample  from  the  cell  walls  at  300  K. 

Comparing  these  results  to  those  obtained  in  the  adsorption  of  NH3  and  CO,  one  sees  that 
while  O2  behaves  as  an  acceptor  molecule  as  expected,  causing  PL  to  decrease,  as  it  bends  the 

flattened  surface  band  upward,  it  does  not  behave  completely  reversibly  as  do  NH3  and  CO.  The 

'2.1 

same  oxygen  behavior  was  observed  by  Anpo  et  al.  in  ZnO  powder.  It  is  likely  that  O2  also 
irreversibly  heals  Ti02  defect  sites  (oxygen  vacancies  or  Ti^"^  interstitials)  naturally  present  in  the 
sample.  The  healing  of  these  defects  causes  a  reduction  in  PL  intensity  because  of  the  linear 
dependence  of  PL  on  the  defect  concentration. 


52 


64 


Figure  8.  A.  (a)  Black  squares  show  PL  development  in  vacuum  during  continuous  radiation;  (b)  Blue 
squares  represent  PL  intensity  after  introducing  different  amounts  of  O2  in  the  dark,  plotted  at  the  same 
time.  The  inset  (e)  depicts  the  PL  intensity  decrease  in  the  dark  as  a  function  of  O2  pressure,  P02;  (c)  O2 
was  evacuated  in  the  dark;  the  PL  intensity  increases  due  to  O2  desorption;  (d)  Increase  of  PL  with 
continuous  irradiation  in  vacuum  (red  squares);  B.  (a)  Black  squares  represent  PL  development  during 


53 


65 


exposure  to  UV  irradiation  at  113  K  in  vacuum;  (b)  Different  partial  pressures  of  O2  were  introduced  (0.1 
Torr-  blue,  0.5  Torr  green,  5.0  Torr-  orange,  9.0  Torr-  red).  After  each  oxygen  dose,  PL  was  recorded  at 
the  shown  Pq^  as  a  function  of  time.  Continuous  UV  irradiation  occurred  between  the  measurements;  (c) 
PL  increases  with  evacuation  due  to  O2  desorption  and  during  continuous  irradiation  in  vacuum  (black 
squares). 

4.  Discussion 

A.  Surface  Potential  Changes  during  UV  Irradiation  of  TiOi 

The  fundamental  premise  of  this  work  is  that  the  enhancement  of  photoluminescence  during 
exposure  of  Ti02  to  a  flux  of  UV  radiation  (3.88  eV)  produces  a  change  in  the  concentration  [D] 
of  photon- accessible  defects  which  then  serve  to  mediate  e’  -  h"^  pair  recombination  to  produce 
photoluminescence  light  as  originally  suggested  by  Solomon^"^  and  Dunstan^^.  A  model  involving 
band  bending  due  to  surface  photovoltage  changes  provides  a  conceptual  framework,  where  the 
length  of  the  depletion  layer,  in  the  region  of  the  bent  band  profile,  changes  as  UV  irradiation 
occurs,  causing  the  number  of  photon-available  defect  sites  for  recombination  in  the  flat  band 
region  to  vary.  Changes  due  to  the  surface  photovoltage  effect  cause  changes  in  the 
concentration  of  photon-accessible  defect  sites,  [D],  expressed  as  an  average  over  the  depth  of 
the  surface  of  individual  TiOi  particles  which  is  penetrated  by  UV  radiation.  PL  can  only  occur 
deeper  in  the  semiconductor  beneath  the  dead  layer  depletion  region  since  carriers  will  be  swept 
away  from  each  other  in  the  depletion  region.  The  depth  of  penetration  of  UV  irradiation  with 
photon  energies  above  the  bandgap  energy  is  reported,  for  bulk  TiOi,  in  the  range  12-25  nm  '  , 
and  the  number  of  defect  sites  within  the  flat  band  region  in  the  12-25  nm  photon  penetration 
depth  will  therefore  govern  the  intensity  of  PL.  To  qualitatively  support  the  band  bending  model 

no 

in  the  nanosized  particles  we  estimated,  by  using  the  approach  outlined  in  reference  ,  that  the 
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depth  of  the  depletion  layer  in  the  powdered  TiOi  is  ~  6  nm.  The  estimated  depletion  layer 
thickness  is  an  order  of  magnitude  smaller  than  the  average  Ti02  particle  size  (30  nm-  80  nm) 
used  in  this  work  implying  validity  of  the  band  bending  model  for  our  Ti02  nanoparticles. 

The  generation  of  new  photoactive  sites  by  UV  irradiation  may  be  envisioned  as  in  Figure  9. 
As  photons  enter  the  n-type  Ti02  sample,  the  average  concentration  of  photoactive  sites 
increases  as  the  surface  photovoltage  decreases  and  the  active  PL  region  expands  toward  the 
surface,  as  the  upward  bent  band  flattens,  as  shown  in  Figure  9A.  The  rate  of  generation  of 

photon-accessible  defect  sites,  decreases  as  the  active  PL  region  expands  as  shown  by 

equation  (1),  until  the  rate  reaches  zero  as  [Dsat]  is  achieved.  As  shown  in  Figure  9B,  the  normal 
positive  surface  potential  of  n-type  Ti02  decreases  as  the  degree  of  upward  band  bending 
diminishes  during  irradiation. 


A.  Enhancement  of  Active  PL  Region 


active  PL  depletion 
region  fayer 


B.  Change  of  Surface  Charge  Distribution 
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Figure  10.  Schematic  of  effect  of  UV  irradiation  on  n-type  Ti02.  The  flattening  of  the  band  is  associated 


with  a  reduction  of  surface  charge  during  irradiation.  The  process  culminates  when  a  flat -band  condition 


is  achieved. 
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B.  Effect  of  Donor  or  Acceptor  Molecule  Adsorption 

As  shown  in  Figure  10,  when  the  flat-band  condition  (achieved  by  long  UV  irradiation  in 
vacuum)  is  modified  by  either  donor  or  acceptor  adsorbed  molecules,  the  depletion  region  is 
expanded,  and  the  number  of  photon-accessible  defects  able  to  facilitate  e’-  h"^  recombination 
decreases,  as  the  surface  band  is  bent  upwards  or  downwards. 

The  reversible  response  of  the  PL  intensity  caused  by  NH3  and  CO  donor  adsorbate  surface 
modifiers  is  consistent  with  this  picture  of  surface  potential  changes. 

C.  Irreversible  Effect  of  Oxygen 

The  irreversible  effect  of  O2  adsorption  on  Ti02  is  likely  superimposed  on  a  reversible  effect 
due  to  the  acceptor  nature  of  the  adsorbed  O2  molecule.  It  is  well  known  that  Ti02  surfaces, 
prepared  as  in  this  work,  are  oxygen  deficient  and  therefore  n-type  and  possess  oxygen 
vacancies,  as  observed  by  STM  ,  by  ESR  and  theoretically  .  Treatment  with  O2,  even  under 
the  mild  conditions  of  this  experiment,  can  alter  the  natural  oxygen  vacancy  concentration  in  the 
surface,  and  possibly  in  the  near-surface  region.  Thus,  on  TiO2(110),  oxygen  vacancy  sites  are 
observed  by  STM  to  be  present  at  the  8%  ML  surface  coverage.  These  surface  vacancies  are 
known  to  adsorb  O2  molecules  ,  and  to  serve  as  dissociation  sites  for  the  production  of  O  atoms 
which  heal  the  vacancy  site  as  well  as  attaching  to  Tisc  sites  nearby  ^^'^^.Thus,  the  irreversible 
adsorption  of  O2  and  its  dissociation  on  natural  defects  present  in  Ti02  should  be  expected  to 
result  in  an  irreversible  decrease  in  PL  due  to  defect  healing,  as  observed. 
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A.  Donor  Molecule  Adsorption  on  Flat-band  TiOj 


inactive  active  PL 

region  region 


+  donor 
molecule 


PL  decreases 


B.  Acceptor  Molecule  Adsorption  on  Flat-band  TiOj 


inactive  active  PL 
region  region 


+  acceptor 
molecule 


PL  decreases 


Figure  11.  Schematic  effect  of  donor  and  acceptor  molecules  on  the  thickness  of  the  active  PL  region.  A. 
Ti02  with  flat-hand  condition  achieved  hy  maximum  UV  exposure  in  vacuum.  The  active  PL  region 
length  =  Lq.  Upon  adsorption  of  an  eleetron  donor  molecule  the  active  PL  region  deereases  to  Li  where  Li 
<  L()  resulting  in  the  PL  intensity  decrease;  B.  After  adsorption  of  an  eleetron  acceptor  molecule  the 
length  of  the  active  PL  region  narrows  (L2<L())  leading  to  PL  intensity  decrease. 

D.  Possible  Oxygen  Vacancy  Formation  by  Ultraviolet  Light  Irradiation. 

The  STM  has  been  used  to  study  the  possible  formation  of  surface  defects  on  TiOa  (110)  by 
UV  irradiation  .  In  the  photon  energy  range  1.6  -  5.6  eV,  no  production  of  defects  was  found 
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for  intense  UV  irradiation.  An  upper  limit  of  the  damage  cross  section  (  Q  =  10'  “  cm 

photon'^ )  was  measured  for  surface  defect  formation.  At  the  low  UV  fluxes  (Fhv)  used  here  in  the 
photoluminescence  measurements,  the  measured  upper  limit  of  the  Ti02  damage  cross  section, 
Q,  suggest  that  the  maximum  number  of  defects  produced  in  200  minutes  of  continuous 
irradiation  will  be  less  than  -5x10'^  fraction  of  available  TiOi  units  in  a  10  nm  depth  of  UV 
penetration  (see  Appendix  CIO).  This  suggests  that  permanent  UV-induced  defect  production  is 
not  involved  in  the  PL  effects  reported  here.  Instead  the  effect  of  band  bending  due  to  increasing 
surface  photovoltage  in  governing  the  depth  of  the  active  PL  region  determines  the  intensity  of 
the  PL  observed  in  these  experiments. 

5.  Summary 

It  was  found  that  altering  the  surface  potential  in  TiOi  by  UV  light  or  by  adsorbed  electron 
acceptor/donor  molecules  results  in  a  change  in  depth  of  the  active  PL  region  and  in  the  intensity 
of  the  observed  PL  due  to  the  band-bending  effect.  It  was  shown  that: 

1 .  UV  light  induces  a  negative  surface  potential  which  diminishes  upward  band  bending  in 
n-type  Ti02  and  causes  the  PL  active  region  to  expand  toward  the  surface  providing  an 
additional  number  of  photon-accessible  defects  for  e'-h"^  recombination.  The  increase  in 
photon-accessible  defects,  due  to  an  increase  in  the  flat-band  active  region,  results  in  an 
increase  in  PL  intensity.  It  is  likely  that  the  maximum  PL  intensity  produced  by  UV 
irradiation  results  in  the  production  of  a  flat  band  condition  at  the  surface. 

2.  Adsorption  of  NH3  and  CO  (donor  adsorbates)  on  the  photoirradiated  surface  (flat  band) 
results  in  downward  band  bending  and  expansion  of  the  depletion  region,  providing  a 
lower  concentration  of  photon- accessible  defect  recombination  centers.  As  a  result,  the 
PL  intensity  decreases  reversibly  upon  the  adsorption  of  these  molecules. 
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3.  Adsorption  of  O2  (acceptor  adsorbate)  on  the  photoirradiated  surface  (flat  band)  produces 
upward  band  bending  which  also  increases  the  depletion  region  and  reduces  the 
concentration  of  photon- accessible  defect  recombination  centers.  Thus,  PL  intensity 
decreases  reversibly  upon  the  adsorption  of  O2. 

4.  The  PL  intensity  responds  reversibly  to  NH3  and  CO  adsorption/desorption.  On  the  other 
hand,  the  PL  intensity  does  not  respond  completely  reversibly  to  O2  desorption.  This  is 
due  to  the  fact  that  O2,  in  addition  to  being  a  reversibly-adsorbed  electron  acceptor 
molecule,  also  dissociates  causing  the  healing  of  defect  sites  that  are  naturally  present  in 
the  sample. 

5.  The  ability  of  PL  to  measure  the  rate  of  the  e’-h"^  recombination  process  during  UV 
irradiation  presents  an  opportunity  to  understand  more  deeply  the  exchange  of  charge 
experienced  by  various  surface  modifier  molecules  upon  adsorption  on  Ti02.  Such 
knowledge  could  be  valuable  in  controlling  processes  driven  by  light  on  Ti02  surfaces. 
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Chapter  4. 

Probe  of  NH3  and  CO  Adsorption  on  The  Very  Outermost  Surface  of  a 
Porous  Ti02  Adsorbent  using  Photoluminescence  Spectroscopy 

Published  worked:  Stevanovic,  A.;  Yates,  J.  T.,  Jr.,  Langmuir  2012,  28,  5652-9. 

Abstract 

We  report  the  first  measurements  of  the  kinetics  of  adsorption  on  the  very  outermost  surface 
sites  of  a  porous  material,  compared  to  measurements  made  of  adsorption  on  the  interior  sites. 
NH3  and  CO  were  employed  in  this  study  as  representative  of  slow  diffusion  and  fast  diffusion, 
respectively,  through  porous  Ti02.  Adsorption  of  NH3  at  200  K  occurs  at  the  very  near-surface 
(~20  nm)  region  as  observed  by  photoluminescence  (PL)  spectroscopy  and  its  distribution  by 
surface  diffusion  through  the  powder  is  highly  retarded  as  judged  by  transmission  IR 
spectroscopy.  In  contrast,  adsorption  of  CO  in  the  near-surface  region  is  followed  by  fast 
distribution  of  CO  by  surface  diffusion  into  TiOi  powder,  causing  the  near-surface  CO  coverage 
to  lag  behind  the  coverage  in  the  bulk.  In  the  desorption  process,  the  near-surface  region  delivers 
adsorbed  CO  molecules  into  the  gas  phase,  accompanied  with  the  supply  of  diffusing  CO 
molecules  from  the  interior.  As  a  result,  the  adsorption/desorption  processes  for  CO  in  the  near¬ 
surface  region  of  porous  TiOi  show  a  pronounced  hysteresis  effect.  As  surface  diffusion  is 
retarded  at  lower  temperatures,  the  hysteresis  effect  gradually  disappears. 

1.  Introduction 

This  paper  concerns  adsorption  onto  a  porous  TiOi  surface,  using  the  useful  property  of  the 
semiconducting  Ti02  to  exhibit  photoluminescence  (PL)  when  excited  by  UV  irradiation.  The 
PL  process  occurs  only  from  the  extreme  outer  regions  of  the  Ti02  geometrical  surface, 
providing  insight  into  the  behavior  of  adsorbate  molecules  there.  This  is  the  first  study  to  employ 
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photoluminescence  spectroscopy  combined  with  quantitatively  controlled  gas  adsorption  in  high 
vacuum  to  monitor  monolayer  quantities  of  gas  adsorbing  on  the  outer  exposed  sites.  In  addition, 
this  capability  allows  one  to  monitor  adsorbate  diffusion  into  the  interior  of  the  porous  powder. 
The  use  of  PL  spectroscopy  supplies  an  unusual  capability  to  monitor  adsorption  on  the  very 
outermost  layers  of  a  powdered  solid.  TiOi  has  found  vast  applications  as  a  support  in 
heterogeneous  catalysis',  as  an  active  material  in  photocatalysis as  a  white  pigment^'^,  as  a 
basis  for  photocells  to  capture  solar  energy^’  ^  ,  and  as  a  gas  sensor'"’  ".  Using  PL  we  probe  the 
adsorption  of  gases  and  their  surface  diffusion  into  and  out  of  the  interior  of  the  meso-porous 
Ti02.  The  mesoporosity  is  related  to  transport  by  diffusion  of  molecules  across  the  TiOi  grain 
surfaces  and  from  particle  to  particle.  Surface  diffusion  is  known  to  be  controlled  by  the  meso- 
pore  geometry  and  the  properties  of  the  meso-pore  walls  . 

A  study  by  Monson  and  co-workers  theoretically  investigated  hysteresis  under  equilibrium 
condition  in  adsorption/desorption  processes  on  porous  surfaces  by  using  molecular  dynamics 
and  Monte-Carlo  simulations,  considering  four  types  of  pore  geometries.  Models  for  each  pore 
geometry  suggest  that  extreme  differences  in  equilibrium  coverages,  measured  deep  in  a  pore 
compared  to  coverages  at  the  mouth  of  a  pore,  will  exist  during  all  stages  of  both  adsorption  and 
desorption  processes.  Classical  ideas  about  the  equilibrium  coverages  found  in  the  internal  and 
external  regions  of  an  inkwell  pore  have  been  shown  to  be  incorrect. 

There  have  been  no  reported  experimental  studies  of  the  diffusion  of  adsorbed  molecules 
through  a  porous  substrate,  where  nanometer-depth  spatial  resolution  has  been  employed  in  the 
measurement  of  local  surface  coverage.  Yet  it  is  in  this  nanometer  depth  range  near  the  surface 
where  different  models  of  diffusion  through  meso-pores  may  be  critically  tested.  In  this  study  we 
employ  photoluminescence  (PL)  spectroscopy  to  probe  the  development  of  adsorbed  layers  on 
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the  very  outermost  surface  sites  of  a  porous  solid  adsorbent  (Ti02)  in  regions  where  the  meso- 
pores,  separating  30-80  nm  particles,  join  the  gas  phase.  In  parallel,  we  also  employ 
transmission  infrared  (IR)  spectroscopy  to  gain  insight  into  the  extent  of  adsorption  averaged 
over  the  entire  depth  of  the  diffusion  process. 

Photoluminescence  spectroscopy  on  semiconductor  surfaces  is  highly  sensitive  to 
adsorbate  molecules  by  virtue  of  the  adsorbate-induced  modification  of  the  electronic  structure 
of  the  semiconductor  surface  in  regions  within  lO's  of  nm  of  the  surface^"^'^^.  The  reason  for  the 
high  surface  sensitivity  of  this  spectroscopic  technique  is  the  short  penetration  length  of  the 
exciting  UV  radiation  within  individual  semiconductor  particles  when  the  photon  energy  is  well 
above  the  bandgap  energy.  Hence,  our  studies  on  powdered  Ti02  involve  3.88  eV  photon 
excitation  energy  where  the  semiconductor  bandgap  is  in  the  range  of  3.0  -  3.2  eV.  This  results 
in  a  sampling  depth  of  12-25  nm^^'*^.  UV  irradiation  of  3.88  eV  produces  a  hot  electron  which 
relaxes  to  the  bottom  of  conduction  band  where  its  mobility  can  carry  it  to  a  defect  site  or 
elsewhere.  Trapped  charge  carriers  recombine  at  this  defect  site  that  lies  within  the  band  gap, 
emitting  530  nm  light. 

Continuous  irradiation  of  Ti02  in  vacuum  by  3.88  eV  light  induces  a  continuous  PL  intensity 
increase  due  to  the  accumulation  of  positive  charge  on  the  surface  (positive  surface 
photovoltage)  '  and  thus,  a  change  of  the  degree  of  band-bending.  In  other  words,  long  UV 
irradiation  times  decrease  the  degree  of  upward  band  bending  in  the  n-type  Ti02  as  the  thickness 
of  the  depletion  layer  (Ad)  decreases.  This  provides  an  additional  number  of  defects  near  the 
surface  which  are  active  for  electron-hole  (e'-h"^)  pair  recombination  yielding  photoluminescence, 
and  finally  results  in  a  flat-band  condition  accompanied  by  the  formation  of  zero  depletion  layer 
thickness,  and  maximized  PL  intensity.  Adsorbed  electron  donor  or  acceptor  molecules  on  the 
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flat-band  TiOi  surface  exchange  charge  with  the  surface,  altering  the  band-bending  structure 
from  the  flat-band  condition  by  bending  the  bands  downward  or  upward,  respectively,  and 
expanding  the  depletion  layer  thickness This  band  bending  due  to  donor  or  acceptor 
adsorbent  molecules  causes  the  intensity  of  PL  to  decrease  from  the  intensity  measured  for  the 
flat-band  semiconductor.  The  PL  spectrum  of  adsorbed  molecules  can  also  be  used  to  monitor 
the  surface  coverage  of  these  molecules  with  great  sensitivity,  where  single  molecule  detection  is 
often  achieved^’. 

2.  Experimental 

The  base  pressure  in  the  cell  after  bake  out,  measured  with  a  cold  cathode  gauge  or  a 
quadrupole  mass  spectrometer  (SRS  Model  RGA  200),  is  ~3.0  x  10'^  Torr.  The  apparatus  used  in 
this  study  was  previously  described  in  Chapter  2. 

FTIR  transmission  measurements  are  obtained  by  averaging  64  interferograms  with  2  cm'^ 
spectral  resolution  employing  a  f -Ni  cooled  MCT  detector.  Each  IR  measurement  is  a  ratio  of  IR 
spectra  of  the  sample  and  an  empty  portion  of  the  tungsten  grid,  obtained  under  identical 
conditions. 

In  all  experiments  here,  long  continuous  light  exposures  are  used  initially  to  develop  the  PL 
signal  as  a  positive  surface  photovoltage  develops  in  vacuum.  In  contrast,  during  gas 
adsorption/desorption  and  annealing,  the  light  was  blocked  by  a  shutter  to  avoid  any  change  in 
PL  by  UV  light.  After  modifying  the  surface  by  adsorption,  the  PL  was  recorded  employing 
small  UV  exposures  of  67  s  from  the  Xe  pulsed  lamp.  Such  small  exposures  to  UV  light  do  not 
appreciably  alter  the  intensity  of  PL  from  the  surface. 
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The  mass  of  the  Ti02  sample  pressed  into  a  W-grid  is  6.3  x  10’  g.  For  adsorption  studies, 
research-grade  purity  gases  CO  (99.99  %)  and  NH3  (99.99  %)  were  employed.  For  the  cleaning 
procedure,  research-grade  O2  (99.99  %)  was  used. 

To  remove  impurities  from  the  surface,  the  sample  was  cleaned  by  performing  an  identical 
cleaning  cycle  before  each  experiment.  The  Ti02  was  heated  in  vacuum  to  700  K  and  then 
treated  with  0.125  Torr  O2  at  the  same  temperature  for  20  min  to  oxidize  any  impurities  adsorbed 
on  the  sample.  To  remove  the  chemisorbed  molecular  O2  and  other  volatile  oxidized  impurities 
from  the  surface,  the  cell  was  evacuated  to  high  vacuum  and  held  at  700  K  for  another  45  min. 
This  cleaning  procedure  provided  a  partially-dehydroxylated  Ti02  surface  which  also  probably 
contains  oxygen-vacancy  defects  '  .  For  both  PL  and  IR  measurements  the  sample  was  cooled 
down  to  86  K.  The  very  small  concentration  of  surface  hydroxyl  groups  present  on  the  Ti02 
remain  constant  upon  UV  irradiation  as  judged  by  the  IR  spectrum. 

The  change  in  the  PL  intensity  as  a  function  of  the  depletion  layer  thickness  after  adsorbing 
gas  on  the  surface  is  given  by  Lambert-Beer  Law  (equation  1),  as  previously  described  by  Ellis 
and  co-workers 

[PL]0  =[PL]o-e-y^^  (1) 

or, 

ln^II^  =  Y-Ad  (2) 

where  [PLJe  is  the  PL  intensity  at  certain  adsorbate  coverage  (0);  [PL]o  is  the  saturation  PL 
intensity  after  long  UV  irradiation  at  0=0;  y  is  the  sum  of  absorptivities  for  absorbed  and  emitted 
light  in  Ti02;  Ad  is  the  dilference  in  the  depletion  layer  thickness  before  and  after  gas  adsorption. 
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To  model  the  eorrelation  between  the  ehange  in  the  PL  intensity  and  the  surfaee  eoverage  (0) 
of  adsorbates,  we  first  developed  the  relationship  between  the  depletion  layer  thickness  and 
surface  coverage  by  using  Poisson's  equation  for  the  near  surface  region,  eq.  (3)^\  and  the  well- 
known  relationship  between  the  change  in  work  function,  (AO),  and  the  surface  coverage,  (0), 
eq.  (4),  assuming  that  adsorbate-adsorbate  intermolecular  depolarization  effects  are  not 
significant.  It  should  be  noted  that  the  change  in  the  work  function  due  to  adsorption  on  a 
semiconductor  is  equivalent  to  the  change  in  the  electrostatic  potential  at  the  surface,  or  in  other 
words,  the  degree  of  band  bending  at  the  surface. 

AO  =  •  Ad^  (3) 

£ 

AO  =  ^  •  0  (4) 

where  AO  is  the  change  in  work  function  in  the  surface  region  (eV);  e  is  electron  charge  (C)  ;  Nd 
is  the  dopant  concentration  (m'  );  s  is  dielectric  constant  for  Ti02  (F-m'  );  so=  vacuum 
permittivity  (F-m'^);  p  is  the  dipole  moment  of  an  adsorbed  molecule  (C-m). 


Combining  equations  (3)  and  (4)  we  obtained  the  relationship  between  the  surface  coverage  of 
adsorbate  and  the  depletion  layer  thickness: 


0  = 


^TiesoNd  _  ^^2 
ne 


(5) 


Finally  by  using  expressions  (5)  and  (2),  equation  (6)  shows  the  relationship  between  the  change 
in  PL  intensity  and  the  surface  coverage  of  adsorbed  molecules: 


0  = 


2Tie£oNd  [PL]o.| 2 


[PLle-* 


(6) 
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In  this  work,  equation  (6)  was  used  to  relate  the  surface  coverage  of  adsorbed  molecules  to  the 
PL  intensity.  This  treatment  assumes  that  adsorption  does  not  change  the  PL  intensity  for  any 
reason  other  than  the  change  in  depletion  length. 

3.  Experimental  Results 

A.  Photoluminescence  Development  Under  UV  Irradiation  at  Different  Temperatures- 
Preparation  of  Ti02  in  the  Flat-Band  Condition 

Figure  1  shows  the  PL  development  under  long  UV  irradiation  in  vacuum  at  three  different 
temperatures:  100  K,  110  K  and  120  K.  The  sample  is  irradiated  by  320  nm  (3.88  eV)  light  for 
218  minutes.  In  all  three  experiments  the  PL  intensity  increases  with  UV  irradiation  and 
approaches  a  saturation  level.  The  PL  saturation  intensity  is  higher  at  lower  temperatures.  Insert 
(a)  shows  one  example  of  the  evolution  of  the  PL  emission  band  at  529.5  nm  for  increasing 
exposure  to  UV  irradiation.  Two  features  at  390  nm  and  780  nm  originate  from  the  reflected 
source  light.  The  peak  at  780  nm  is  a  half-harmonic  feature  of  the  390  nm  peak.  These  two 
background  features  were  also  present  when  a  portion  of  the  W-grid,  that  does  not  contain  TiOi, 
was  irradiated  (not  shown  here). 
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Figure  1.  Photoluminescence  Development  under  UV  Irradiation-  Building  of  Positive  Surface  Charge. 
Photoluminescence  intensity  development  as  a  function  of  UV  irradiation  in  vacuum  at  different 
temperatures:  100  K;  110  K  and  120  K.  The  sample  was  irradiated  hy  320  nm  (3.88  eV)  for  218  min. 
Inset  (a)  shows  the  PL  spectral  development  for  TiOa  in  vacuum.  The  PL  peak  maximum  at  529.5  nm 
(2.34  eV)  increases  as  the  sample  continuously  absorbs  UV  irradiation.  Two  peaks  at  390  nm  and  780  nm 
originate  from  the  reflected  source  light.  The  peak  at  780  nm  is  a  half-harmonic  feature  of  the  390  nm 
peak. 

Under  UV  irradiation  the  depletion  region  (Ad)  in  n-type  Ti02  gradually  narrows  due  to  the 
accumulation  of  positive  charge  on  the  surface,  providing  additional  UV-light  accessible  PL- 
active  defects  that  facilitate  the  e'-h"^  recombination  process  and  result  in  the  PL  intensity 
increase  .  Ultimately,  the  depletion  layer  thickness  is  reduced  to  zero  and  a  flat  band  condition 
is  achieved  leading  to  saturation  of  the  PL  intensity  as  shown  schematically  in  Figure  2.  The 
saturation  PL  intensity  decreases  as  the  temperature  is  increased  from  100  K  to  120  K.  This  is 
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due  to  the  scattering  of  charge  carriers  by  phonons,  reducing  the  efficiency  of  the  radiative 
charge  recombination  and  increasing  non-radiative  recombination  decay  as  the  temperature  is 
increased  under  constant  light  flux  ’  . 


region 


CB 


VB 


PL  active 
region 


Figure  2.  Enhancement  of  PL-Active  Region  by  UV  irradiation.  The  enhancement  of  PL-active  region 
under  long  UV  irradiation  provides  additional  number  of  defects  that  facilitate  the  e‘-  h^  recombination 
process  leading  to  a  gradual  PL  intensity  increase.  The  PL  only  occurs  in  the  PL-active  region  since 
electrons  and  holes  are  swept  away  from  each  other  in  the  depletion  region  (Ad).  Upon  long  UV 
irradiation,  the  PL-active  region  expands  to  its  maximum  where  the  depletion  layer  is  zero  in  thickness, 
producing  a  flat-band  condition. 

B.  Adsorption  of  NH3  on  Ti02  Powder 

Figure  3A  shows  the  change  in  PL  intensity  as  a  function  of  increasing  adsorption  of  ammonia 
on  Ti02,  previously  prepared  to  the  flat  band  condition  by  continuous  exposure  to  UV  light.  At 
this  condition,  NH3  is  adsorbed  on  the  surface  in  the  dark  at  200  K.  Adsorbed  NH3  causes 
downward  band  bending,  expanding  the  depletion  region  and  leading  to  a  decrease  in  PL 
intensity.  Figure  3B  shows  the  evolution  of  the  IR  spectra  of  adsorbed  NH3  on  the  Ti02  surface 
at  200  K  with  increasing  numbers  of  admitted  NH3  gas  molecules.  The  transmission  IR 
measurements  sample  the  entire  depth  of  the  porous  Ti02.  Several  absorption  bands  due  to 
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adsorption  of  NH3  appear  at  ~  3355  cm'\  3252  cm'\  3161  cm'\  3068  cm'\  1597  cm'\  1292  cm'' 
and  1153  cm"'. 


Photoluminescence  |r 


Figure  3.  Adsorption  of  NH3  on  Ti02  Powder.  3A.  (a)  Black  squares  represent  PL  development  in 
vacuum  at  120  K  during  continuous  irradiation  (~  218  min);  (b)  Blue  point  shows  the  PL  change  after  the 
sample  was  heated  in  the  dark  from  120  K  to  200  K  and  then  cooled  back  to  120  K;  (c)  Red  squares  show 
the  PL  intensity  decrease  as  a  function  of  the  admitted  number  of  NH3  molecules  at  200  K.  After 
introducing  ~  1  x  lO’®  NH3  molecules  the  PL  intensity  reaches  the  saturation  level.  All  PL  measurements 
were  recorded  at  120  K.  Figure  3B  shows  the  IR  development  when  different  amounts  (2.28  x  10^°  -  8.85 
X  10^'  molecules  (red  spectrum))  of  NH3  at  a  Ti02  temperature  of  200  K  are  introduced  into  the  system. 
The  limiting  IR  absorbance  of  1  ML  of  chemisorbed  NH3  was  obtained  by  warming  the  Ti02  to  215  K 
under  Pnh3=  12  Torr,  and  then  cooling  back  to  200  K. 


C.  Changes  During  NH3  Adsorption-Comparison  of  PL  and  IR 

Figure  4  shows  the  surface  coverage  development  plotted  together  as  a  logarithmic  function 
of  the  number  of  admitted  NH3  molecules.  A  large  fraction  of  the  admitted  NH3  molecules 
condenses  on  the  re-entrant  Dewar  at  77  K.  In  the  PL  measurements  the  sample  is  heated  to  200 
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K  in  the  dark  to  adsorb  NH3  gas,  and  then  the  sample  is  cooled  down  to  120  K  to  acquire  PL 
spectra.  A  small  exposure  of  67  s  of  UV  radiation  is  used  to  measure  the  PL  after  adsorption  and 
does  not  appreciably  affect  the  PL  intensity.  Also,  in  the  IR  measurements,  NH3  gas  is  adsorbed 
at  200  K.  The  NH3  distribution  through  the  powder  at  200  K  is  strongly  retarded  due  to  its  slow 
surface  diffusion  into  the  interior  region  of  the  Ti02  powder,  as  indicated  by  slow  development 
of  IR  spectra  for  adsorbed  NH3,  whereas  the  PL  signal  changes  rapidly  and  saturates  at  low  NH3 
exposures  due  to  the  ability  of  PL  to  sample  only  the  outermost  surface  of  the  porous  Ti02. 


log.,Q(number  of  admitted  NH3  molecules) 
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Figure  4.  Probe  of  NH3  Adsorption  by  PL  and  IR.  The  PL  and  IR  spectral  development  when  NH3  gas  is 
adsorbed  on  Ti02  powder  at  200  K.  (a)  Red  squares  represent  the  fraction  of  NH3  coverage  in  the  near¬ 
surface  region  as  sampled  by  PL  as  a  function  of  the  number  of  admitted  NH3  molecules,  (b)  Blue  squares 
show  the  integrated  IR  absorbance  of  NH3  modes  in  the  3474  cm'k2359  cm  '  region  and  reflect  the 
average  NH3  coverage  in  the  depth  of  the  Ti02  powder.  Infrared  spectra  are  recorded  at  200  K. 

D.  Adsorption  of  CO  on  Ti02  Powder 
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Figure  5 A  shows  the  PL  development  during  -218  min.  of  UV  irradiation  in  high  vacuum  at 
120  K  (region  (a))  achieving  the  flat-band  condition  and  an  upper  limit  of  PL  intensity. 
Adsorption  of  CO  gas  occurs  in  the  dark  at  120  K  at  the  flat-band  condition  as  shown  in  region 
(b).  During  adsorption,  67  s  of  UV  exposure  is  used  to  acquire  the  PL  spectral  points.  During 
adsorption  it  is  observed  that  the  PL  intensity  decreases  gradually  as  the  number  of  admitted  CO 
molecules  increases.  Idriss  et  al.^"^  observed  the  same  effect  on  ZnO  powder.  Adsorption  of  CO 
on  Ti02  alters  the  surface  potential  by  bending  the  flat  bands  downward  and  expanding  the 
depletion  region,  resulting  in  a  decrease  of  PL  intensity. 

Figure  5B  shows  the  IR  absorbance  development  for  adsorbed  CO  at  120  K.  When  CO  gas  is 
adsorbed  on  the  partially-dehydroxylated  Ti02  surface,  several  IR  bands  due  to  the  CO  stretching 
mode  develop  with  absorbance  maxima  at  2180  cm'\  2175  cm'\  2165  cm'^  and  2138  cm'\  The 
strong  and  narrow  band  at  2180  cm'^  is  assigned  to  Ti'^'^-  CO  species  formed,  as  reported  by 
others  .  After  increasing  the  coverage  of  CO,  a  small  absorption  band  develops  at  2165  cm'  . 
This  feature  is  attributed  to  formation  of  adsorbed  CO  on  a  separate  site,  as  reported  in  the 
literature^^.  Also,  the  feature  at  2138  cm''  is  attributed  to  a  weakly-bound  physisorbed  species. 
The  2138  cm''  band  immediately  disappears  after  evacuation  for  30  sec  at  120  K. 
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Photoluminescence  IR 


Figure  5.  Adsorption  of  CO  on  TiOa  Powder.  5 A  (a)  Black  squares  show  PL  development  in  vacuum  at 
120  K  during  continuous  UV  irradiation  for  218  min.  ;  (b)  Red  squares  represent  the  PL  decrease  during 
adsorption  as  a  function  of  CO  partial  pressure,  Pco,  at  120  K.  The  first  change  in  PL  intensity  occurs  after 
introducing  0.003  Torr  (1.58  x  10^^  molecules)  of  CO;  the  PL  intensity  reaches  a  near  saturation  point  at 
0.146  Torr  (7.71  x  10^^  molecules)  of  admitted  CO;  5B.  The  IR  absorbance  development  for  CO  at  120  K. 
((!)-  5.3  X  lO’^  molecules  admitted;  (2)-L0  x  10^^  molecules  admitted;  (3)-L6  x  lO’’  molecules  admitted; 
(4)-  3.2  X  lO’’  molecules  admitted;  (5)-  5.3  xlO^^  molecules  admitted).  The  numbered  spectra  (l)-(5) 
correspond  to  each  other  for  PL  and  IR  measurements. 


E.  Adsorption/Desorption  of  CO:  Hysteresis  Effect 

Figure  6  shows  the  surfaee  eoverage  ehange  in  the  near  surface  region  as  measured  by  PL 
when  CO  gas  is  adsorbed/desorbed  at  three  different  temperatures;  A.  120  K,  B.  110  K  and  C. 
100  K.  All  data  are  normalized  to  the  PL  saturation  (flat-band)  values  obtained  after  large  UV 
exposures  in  vacuum  at  each  temperature.  In  all  three  PL  experiments,  the  CO  surface  coverage, 
0co>  increases  when  the  CO  partial  pressure,  Pco>  is  increased.  At  110  K  and  100  K  complete 
saturation  of  the  near-surface  region  is  not  achieved  at  the  highest  pressure  plotted  due  to  the  loss 
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of  temperature  control  as  higher  gas  pressures  caused  slight  warming  of  the  Ti02  sample.  Upon 


evacuation  to  lower  pressures,  the  CO  surface  coverage  in  the  near-surface  region,  0co,  decreases 
when  CO  desorption  takes  place  at  all  three  temperatures  and  an  adsorption/desorption  hysteresis 
is  observed. 

In  these  experiments  it  is  observed  that  for  adsorption,  the  CO  surface  coverage  in  the  near 
surface  region  measured  by  PL,  increases  more  rapidly  as  the  adsorption  temperature  is 
decreased  from  120  K  to  100  K.  This  result  suggests  that  the  surface  diffusion  of  CO  through  the 
Ti02  powder  is  more  retarded  at  lower  temperatures  and  thus,  the  CO  coverage  in  the  near 
surface  region  rises  faster  during  adsorption  under  the  same  CO(g)  supply  conditions,  causing  a 
more  rapid  change  in  PL  intensity.  For  the  desorption  process  achieved  as  Pco  is  lowered,  it  is 
seen  in  the  desorption  that  CO  surface  coverage  in  the  near-surface  region  is  observed  to  begin 
its  decrease  at  lower  Pco  for  lower  temperatures.  The  separation  between  the  adsorption- 
desorption  processes  (the  hysteresis)  is  reduced  at  lower  temperatures  as  the  rate  of  the  CO 
surface  diffusion  process  diminishes  in  importance.  At  all  temperatures,  the  PL  intensity 
eventually  returns  to  its  initial  value  when  all  CO  has  desorbed. 
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Figure  6.  CO  Adsorption/Desorption-Hysteresis  Effect  using  Photoluminescence.  PL  measurements  of 
the  change  in  the  surface  CO  coverage  upon  CO  adsorption  (blue  squares)  and  desorption  (red  circles)  at 
different  temperatures:  A.  120  K,  B.llOKand  C.  100  K.  PL  data  are  normalized  to  their  vacuum  value. 
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F.  Changes  During  CO  Adsorption- Comparison  of  PL  and  IR 


Figure  7  shows  the  change  in  PL  intensity  and  IR  absorbance  as  CO  adsorption  is  increased  at 
120  K,  110  K  and  100  K.  We  observed  that  the  PL  intensity  responds  more  slowly  to  CO 
adsorption  compared  to  the  development  of  IR  absorbance.  This  is  just  opposite  to  observations 
for  NH3  adsorption,  shown  previously  in  Figure  4.  This  indicates  that  during  CO  adsorption,  the 
surface  coverage  of  CO  in  the  near-surface  region  lags  behind  the  average  CO  coverage  in  the 
interior  of  the  powdered  TiOi.  During  adsorption,  depletion  processes  from  the  near-surface 
region  to  the  bulk  region  occur  by  CO  surface  diffusion,  and  kinetically  produce  lower  CO 
coverage  in  the  near  surface  region  than  deep  in  the  pore  structure.  Reducing  the  adsorption 
temperature,  the  rate  of  CO  coverage  growth  in  the  ~  20  nm  near-surface  region  increases  due  to 
kinetically  retarded  CO  diffusion  into  the  bulk,  as  shown  previously  in  Figure  6. 
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Figure  7.  Probe  of  CO  Adsorption  by  PL  and  IR.  PL  (blue  squares)  and  IR  (red  squares)  development 
upon  CO  adsorption  at:  A.  120  KB.  110  K  and  C.  100  K.  (a)  Blue  squares  represent  the  change  of 
surface  CO  coverage  in  the  surface  region  measured  by  PL  as  the  number  of  admitted  CO  molecules 
increases,  (b)  Red  squares  show  the  change  of  integrated  CO  IR  absorbance  in  the  2209  cm  '  -2116  cm  ' 
region,  a  measurement  of  the  average  coverage  throughout  the  Ti02  powder  thickness.  For  the  1 10  K  and 
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100  K  cases,  CO  adsorption  was  discontinued  below  the  saturation  condition,  and  the  saturation  condition 
was  estimated. 

4.  Discussion 

A.  Geometrical  Consideration 

The  penetration  depth  of  UV  light  into  semiconductors  is  wavelength  dependent  which  implies 
that  by  selecting  the  desired  excitation  wavelength  a  certain  depth  of  the  material  can  be  probed 
by  PL  spectroscopy.  In  this  study,  the  PL  measurements  employ  320  nm  (3.88  eV)  excitation 
irradiation  which  penetrates  only  ~20  nm  deep  into  the  powdered  Ti02,  providing 
information  only  about  the  very  outermost  surface  region  of  the  porous  Ti02,  as  shown 
schematically  in  Figure  8.  In  this  ~  20  nm  region,  the  approximate  number  of  available  active 
sites  for  gas  adsorption,  in  1  cm  geometrical  area,  is  ~  1  x  10  sites  cm'  based  on  the  BET 
surface  area  of  the  Ti02  and  assuming  a  saturation  adsorbate  density  of  ~  5  x  10^"^  sites  cm'^. 
The  IR  spectroscopy  samples  throughout  the  entire  depth  (0.0076  cm)  of  the  Ti02  powder 
observing  on  1  cm  of  geometrical  area,  ~  5  x  10  surface  active  sites.  Combining  two  sensitive 
spectroscopies  allows  one  to  compare  adsorption/desorption  processes  in  the  very  outer  surface 
of  porous  materials  to  adsorption  in  the  bulk.  A  cross  section  through  the  porous  Ti02  surface 
which  includes  particles  at  the  surface  and  deeper  in  the  material  can  be  pictured  as  containing 
pores  with  mouths  opening  to  vacuum  and  a  long  tortuous  tube  extending  deep  in  the  material,  as 
shown  in  Figure  8  for  a  single  pore.  Considering  the  average  Ti02  particle  size,  the  PL 
spectroscopy  primarily  detects  molecules  adsorbed  on  the  outer-entry  walls  of  the  pore  openings 
which  join  to  the  vacuum  or  gas  phase. 
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Figure  8.  PL  and  IR  Sampling  of  Adsorbed  Gas  in  Porous  Ti02.  Schematic  representation  of  PL  and  IR 
sampling  depth  for  adsorbed  gas  in  porous  Ti02.  Note  that  the  adsorbate  concentration  increases  as  one 
moves  into  the  pore  structure  due  to  the  higher  adsorption  energy  in  the  confined  region. 


B.  Adsorption  of  NH3  on  Ti02  at  200  K. 

The  fast  PL  response  to  adsorbed  NH3  at  200  K  indicates  that  the  development  of  NH3 
coverage  in  the  near  surface  region  occurs  quickly  at  low  exposures,  and  that  NH3  gas  primarily 
adsorbs  on  the  pore  walls  at  the  very  near  surface.  The  retarded  IR  development  during  NH3 
adsorption  (Figure  4)  indicates  extremely  retarded  NH3  diffusion  deeper  into  the  powdered  Ti02, 
implying  a  kinetically-controlled  condition  involving  adsorbed  NH3  in  the  pore  walls  in  the  near¬ 
surface  region  with  little  NH3  adsorbed  on  the  pore  walls  deeper  in  the  bulk.  Temperature- 
programmed  desorption  (TPD)  measurements  revealed  activation  energies  for  desorption  of  NH3 
(near  zero  surface  coverage)  to  be  Ed=92  kJ  mol'^  from  reduced  TiO2(01 1)  At  the  isothermal 

temperature  of  the  NH3  diffusion  measurements  (200  K),  e  rt~10  . 
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C.  Adsorption  of  CO  on  Ti02  at  120  K. 

During  CO  adsorption,  diffusion  of  adsorbed  CO  molecules  from  the  pore  walls  in  the  very 
near  surface  region  into  the  bulk  of  the  Ti02  takes  place  by  multiple  rapid  kinetic  diffusion  steps, 
and  ultimately  adsorbed  CO  gas  becomes  trapped  by  chemisorption  deep  in  the  pores.  The  CO 
molecules  adsorbed  deep  in  a  pore  are  not  able  to  desorb  in  one  kinetic  step  due  to  CO  re¬ 
adsorption  on  the  adjacent  pore  wall.  We  observe  that  the  growth  rate  of  CO  coverage  in  the  20 
nm  near-surface  region  lags  behind  the  development  of  surface  coverage  deeper  in  the  material 
as  rapid  CO  diffusion  takes  place  from  the  near  surface  sites  to  the  more  stable  adsorption  sites 
in  the  bulk  during  adsorption  (Figure  7).  By  lowering  the  adsorption  temperature,  diffusion  of 
CO  molecules  from  the  ~  20  nm  region  to  the  bulk  is  slowed  as  judged  by  the  slower  relative  rate 
of  near-surface  CO  coverage  in  Figure  7  compared  to  the  IR  development  rate.  The  desorption 
activation  energy  for  CO  from  polycrystalline  TiOi  is  49  kJ  moF^  At  the  isothermal 

_5d  __ 

temperature  of  the  CO  diffusion  measurements  (120  K),  e  rt~10  which  is  1000  times  larger 
than  for  adsorbed  NH3  at  200  K,  leading  to  kinetic  behavior  for  CO  which  is  more  characteristic 
of  a  mobile  species. 

D.  Hysteresis  Effect-  Adsorption/Desorption  of  CO  on  TiOi. 

The  external  surface  coverage  of  CO  as  measured  by  PL  during  the  desorption  process  is 
enhanced  in  comparison  with  that  of  the  adsorption  process  at  the  same  Pco  as  shown  in  Figure 
6.  In  the  adsorption  process,  a  pore  entry  in  the  near-surface  region  delivers  mobile  CO 
molecules  to  the  interior.  Surface  CO  coverage  at  the  pore  entry  is  being  replaced  with  arriving 
molecules  from  gas  as  depletion  to  the  interior  takes  place.  In  the  desorption  process,  the  CO 
molecules  from  the  pore  walls  in  the  near-surface  region  desorb  from  the  surface  while 
constantly  being  resupplied  by  CO  molecules  which  diffuse  from  the  bulk,  leading  to  the 
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adsorption/desorption  hysteresis  observed  in  Figure  6.  The  hysteresis  observed  at  the  near¬ 
surface  regions  disappears  at  lower  temperatures  as  surface  transport  processes  between  the  inner 
and  outer  regions  of  the  porous  solid  becomes  less  important.  For  NH3  in  our  experiments  no 
hysteresis  effect  would  be  expected  because  of  the  immobility  of  the  adsorbed  NH3  at  200  K. 

E.  Connection  to  Equilibrium  Measurements 

During  adsorption,  the  measurements  shown  here  reflect  kinetic  effects  involving  the  rate  of 
gas  transport  to  the  surface  of  a  porous  solid  coupled  with  surface  diffusion  into  the  interior. 
During  desorption,  the  desorption  processes  from  the  outer  surface  region  occur  in  parallel  with 
outward  diffusion  of  adsorbed  molecules  to  the  outer  surface  region.  In  none  of  the 
measurements  does  true  equilibrium  exist.  In  spite  of  the  kinetic  nature  of  the  measurements,  for 
the  most  mobile  species,  CO,  equilibrium  behavior  is  probably  approached  during  adsorption  and 
desorption.  The  lower  surface  coverage  of  CO  in  the  outer  regions  of  the  porous  solid  observed 
during  adsorption  (compared  to  the  coverage  in  the  interior),  as  shown  in  Figure  7,  is  reminiscent 
of  the  calculated  equilibrium  distributions  of  adsorbed  molecules  in  pores  as  presented  by 
Monson  et  al.  Here  molecular  dynamics  and  GCMC  calculations  show  that  at  equilibrium,  the 
surface  coverage  at  the  pore  mouth  of  a  uniform  pore  should  be  smaller  than  the  coverage  in  the 
interior,  simply  because  of  the  lower  attractive  potential  experienced  by  a  molecule  near  the  pore 
mouth.  However  we  believe  that  it  is  most  appropriate  in  our  measurements  to  attribute  the 
observed  partitioning  of  adsorbed  CO  molecules  between  the  pore  mouth  and  the  interior  to 
kinetic  effects.  Figure  7  shows  that  as  temperature  is  raised,  causing  surface  mobility  to  increase, 
the  CO  pressure  needed  to  saturate  the  near-surface  region  increases,  as  adsorbed  CO  distributes 
into  the  bulk  more  rapidly  during  adsorption. 
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5.  Conclusions  and  Summary  of  Results 

The  following  results  were  obtained  through  a  comparison  of  surface  coverage  measurements 
for  NH3  and  CO  adsorption  on  high  surface  area  TiOi  powder,  using  photoluminescence  of  the 
Ti02  sorbent  to  observe  adsorbate  surface  coverage  in  the  near  surface  region  (~  20  nm),  and 
infrared  transmission  spectroscopy  to  measure  the  average  surface  coverage  throughout  the 
porous  TiOi  adsorbent  depth. 

1.  Adsorption  of  NH3  occurs  at  the  very  outer  region  (~  20  nm)  of  porous  Ti02  without 
penetrating  deep  into  tortuous  pores  of  the  material  as  judged  by  rapid  PL  development 
and  retarded  IR  development.  This  is  due  to  the  relatively  high  adsorption  (and  surface 
diffusion)  energy  for  NH3,  leading  to  immobility  at  200  K. 

2.  Adsorption  of  CO  at  the  near  surface  region  (~  20  nm)  of  porous  Ti02  is  followed  by 
surface  diffusion  of  CO  molecules  deeper  into  the  material  at  120  K,  resulting  in  the 
development  of  a  surface  concentration  gradient  corresponding  to  CO  depletion  at  the 
pore  entrance,  as  judged  by  comparison  of  the  CO  coverage  development  in  the  near¬ 
surface  (~  20  nm)  region  measured  by  PL  spectroscopy  compared  to  the  CO  average 
surface  coverage  in  the  entire  depth  of  the  powder  (0.0076  cm)  as  measured  by  IR. 

3.  Adsorption/desorption  of  CO  on  Ti02  results  in  hysteresis  behavior.  During  the  CO 
desorption,  the  near-surface  CO  coverage  (0co)  is  enhanced  relative  to  the  observed  near¬ 
surface  CO  coverage  (0co)  during  adsorption  at  the  same  Pco-  The  enhancement  of  CO 
coverage  in  the  near-surface  region  during  the  desorption  process  compared  to  the 
adsorption  process  occurs  due  to  a  more  rapid  rate  of  CO  diffusion  from  the  bulk, 
compared  to  the  rate  of  CO  desorption. 
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4.  The  hysteresis  behavior  of  CO  gradually  disappears  at  lower  temperatures  (from  120  K  to 
100  K)  due  to  the  retarded  surface  transport  kinetics  involving  the  molecules  at  the  entry 
of  the  pores  and  in  the  depth  of  the  powdered  TiOi. 
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Chapter  5. 

Electron  Hopping  Through  Ti02  Powder-  A  Study  by  Photoluminescence 
Spectroscopy 

Published  work:  Stevanovic,  A.;  Yates,  J.  T.,  Jr.,  J.  Phys.  Chem.  C  2013, 1 17,  24189-24195. 

Abstract 

Photoluminescence  spectroscopy  was  employed  to  observe  electron  transport  between 
Ti02  particles.  Ultraviolet  (UV)  irradiation  (3.88  eV)  was  shown  to  positively  enhance  the 
photovoltage  of  TiOi  particles  at  the  powder  surface  causing  an  enhancement  of  their 
photoluminescence  (PL)  at  530  nm.  The  charging  of  the  Ti02  particles  on  the  powder  surface  by 
UV  irradiation  is  observed  to  partially  discharge  in  the  dark  where  the  displaced  bulk  negative 
charge  diffuses  back  toward  the  Ti02  surface.  This  charge  flow  partially  restores  upward  band 
bending  causing  the  PL  intensity  to  decrease.  The  rate  of  the  discharging  process  was  used  to 
estimate  the  electron  migration  mobility  (~  10'^*^  m^Vs'^  at  300  K)  between  Ti02  particles  in  the 
Ti02  matrix.  Electron  migration  between  Ti02  particles  is  temperature  dependent  with  an 
activation  energy  of  0.015  +  0.008  eV.  In  addition,  it  was  found  that  the  adsorption  of  an 
immobile  electron-donor  molecule  (NH3),  which  forms  a  positively  charged  species  on  the  Ti02 
surface,  does  not  show  charge  mobility  behavior  in  contrast  to  mobile  electrons.  These 
measurements  were  carried  out  in  high  vacuum  in  the  absence  of  oxygen  and  surface  impurities 
detectable  by  IR  spectroscopy. 

I.  Introduction 

Metal  oxide  nanostructures  such  as  Ti02,  ZnO,  Sn02  and  Nb205  have  attracted  great  attention 
in  photovoltaic  applications  due  to  their  ability  to  capture  and  convert  sunlight  into  electrical 
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energy^'"^.  Among  these  metal  oxides,  the  most  intensively  studied  material  is  the  n-type  Ti02 
semiconductor  due  to  its  superior  properties  which  are  heavily  utilized  for  photovoltaic 
purposes^’  ^  and  in  photocatalysis^'^^.  In  Ti02-based  photovoltaic  devices,  the  semiconductor 
particles  are  sensitized  with  a  light-harvesting  dye  molecule  which  serves  to  deliver  photo¬ 
generated  electrons  into  a  network  of  interconnected  Ti02  particles.  The  electrons  percolate 
amongst  interconnected  Ti02  particles  and  are  collected  by  an  electrode.  In  mesoporous  Ti02, 
electrons  in  single  crystallites  travel  by  crossing  several  particle-particle  interfaces.  In  Ti02 
involving,  20-nm  sized  particles,  electrons  may  cross  as  many  as  50  interfaces  in  a  typical 
photovoltaic  cell  '  .  It  was  shown  that  the  photoconductivity  of  the  mesoporous  Ti02  single 
crystal  material  is  two  orders  of  magnitude  higher  than  the  photoconductivity  in  a  nanometer 
Ti02  particle  network  due  to  the  lower  number  of  particle -particle  interfaces.  An  understanding 
of  charge  transport  in  networks  of  semiconductor  particles  is  essential  for  improving  the 
efficiency  of  photovoltaic  devices  involving  porous  semiconducting  material. 

Charge  transport  has  been  intensively  studied  by  optical  and  electrical  methods  such  as 
photovoltage  measurements'"^’  impedance  spectroscopy'^.  Hall  effect  measurements"'’  '^, 
photoluminescence  and  also  modeling  '  .  Electron  transport  in  porous  Ti02  occurs  under  UV 
exposure  as  shown  by  Dittrich  et  al.  and  others  ’  as  photo-generated  electrons  in  the 
conduction  band  move  either  freely  or  by  trapping-detrapping  processes  from  particle  to  particle 
across  the  Ti02  network.  It  has  been  found  by  employing  tetrahertz  time  domain  spectroscopy 
that  the  average  charge  mobility  within  a  Ti02  nanoparticle  is  four  orders  of  magnitude  larger 
than  the  charge  mobility  between  Ti02  particles  in  the  Ti02  matrix  that  does  not  contain 
electrolyte  In  an  electrolyte-filled  Ti02  matrix,  electron  mobility  between  Ti02  particles  is 
about  an  order  of  magnitude  faster  than  in  a  porous  Ti02  network  ’  . 


88 


100 


The  surface  and  electronic  properties  of  porous  Ti02  depend  strongly  on  the  presence  of 
adsorbed  molecules  on  the  surface  as  adsorbates  perturb  the  distribution  of  electron  trap  sites, 
thus  affecting  electron  conductivity.  The  vast  majority  of  reports  on  charge  carrier  transport  in 
porous  materials  present  measurements  performed  in  air  or  in  different  solutions  where  the 
surface  electronic  properties  of  Ti02  are  altered  from  that  found  in  vacuum.  It  was  found  for 
example  that  in  porous  nanocrystalline  Ti02,  the  conductivity  of  charge  carriers  in  Ti02  particles 
increases  by  six  orders  of  magnitude  under  vacuum  conditions  due  to  the  removal  of  adsorbed 

■y'i 

oxygen  .  It  is  postulated  that  lattice  oxygen  removal  by  annealing  leads  to  excess  electrons  in 
the  surface-oxygen  vacancy  defect  sites.  The  excess  electrons  contribute  to  increased 

-5  A  -5  1 

conductivity  and  to  upward  band  bending  .  Compared  to  measurements  in  air,  the  experiments 
presented  in  this  paper  involve  a  high  level  of  control  of  the  surface  as  the  Ti02  preparation  and 
measurements  are  conducted  under  high  vacuum  conditions  and  adsorbed  species  on  to  the 
surface  are  monitored  by  IR  spectroscopy. 

In  the  Ti02  powder,  in  the  case  of  n-type  material,  the  production  of  electron-hole  pairs 
occurs  only  in  the  very  outer  surface  region  of  the  powder  due  to  the  short  penetration  depth 
(~20  nm)  of  the  exciting  UV  irradiation  '  .  This  causes  the  development  of  a  positive  surface 
photovoltage  which  is  confined  to  the  outermost  Ti02  particles  in  the  powder  where  the  particle 
size  is  of  the  same  order  of  magnitude  as  the  light  penetration  depth.  The  Ti02  surface  is  oxygen 
deficient  and  therefore  n-type  due  to  the  excess  electrons  in  the  lattice -oxygen  vacancies  on  the 
surface  which  increase  the  electronic  potential  energy  near  the  surface  causing  the  bands  to  bend 
upward.  Here,  under  UV  irradiation,  energetically  preferred  electron  transport  occurs  into  the 
bulk  from  the  surface  of  the  particles  where  the  bands  are  initially  bent  upward  '  .  In  this  region 
e'-h"^  recombination  is  retarded  as  charges  are  swept  away  from  each  other  due  to  the  electric 
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field  in  the  first  10-20  nm  of  the  TiOi  surface.  UV  irradiation  therefore  decreases  the  depletion 
layer  thickness.  The  positive  charge  accumulation  at  the  Ti02  surface  during  UV  irradiation 
lowers  the  surface  electrostatic  potential  causing  initially  upward-bent  bands  to  flatten.  As  a 
result,  UV  irradiation  causes  the  photoluminescence  intensity  to  be  enhanced  ’  ’  '  as  more 
semiconductor  volume  within  the  UV  light  penetration  depth  becomes  available  for  e'-  h"^ 
recombination. 

In  this  investigation,  using  photoluminescence  spectroscopy  (PL),  we  have  observed  under 
high  vacuum  conditions  the  change  in  surface  photovoltage  upon  UV  irradiation  of 
interconnected  TiOi  particles.  Here,  surface  negative  charge  is  distributed  into  the  bulk  by 
absorption  of  energetic  photons  (3.88  eV)  (Figure  lA).  Our  key  finding  is  that  upon 
discontinuation  of  UV  irradiation,  some  of  the  negative  charge  originally  distributed  in  the  Ti02 
network  returns  back  to  the  surface  of  the  outermost  Ti02  particle  (Figure  IB),  partially  restoring 
upward  band  bending  and  reducing  the  PL  intensity.  Here  the  production  of  a  charged  powdered 
Ti02  surface  by  UV  irradiation,  followed  by  its  discharge  in  the  dark  by  migration  of  displaced 
electrons  back  to  the  surface,  may  be  viewed  as  the  behavior  of  a  planar  capacitor.  The  rate  of 
discharge  may  be  used  to  estimate  the  charge  mobility  as  electrons  hop  from  particle  to  particle  if 
the  electric  field  inducing  electron  mobility  can  be  estimated.  In  addition,  it  was  found  that  this 
process  is  temperature  dependent  as  electron  hopping  between  particles  is  enhanced  at  higher 
temperatures.  Further,  we  have  employed  a  chemical  species,  an  electron  donor  (NH3)  molecule, 
to  produce  immobilized  positively  charged  species  on  the  Ti02  surface  analogous  to  the  surface 
charging  during  irradiation.  As  expected,  upon  discontinuation  of  UV  irradiation  when  adsorbed 
NH3  is  present,  electrons  in  Ti02  do  not  transport  in  the  same  manner  as  observed  for  electrons 
when  the  surface  is  positively  charged  by  UV  photons. 
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Network  of  Ti02  Particles 

A.  Under  UV  Irradiation 


B.  In  the  dark 
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Figure  1.  A.  Distribution  of  surface  negative  charge  into  the  Ti02  powder  caused  by  absorption  of  UV 
photons  and  inducing  a  more  positive  surface  photovoltage  on  the  outer  Ti02  particles  causing  band 
flattening;  B.  Diffusion  of  the  bulk  negative  charge  back  to  the  Ti02  surface  in  the  dark  partially  restores 
upward  band  bending. 


II.  Experimental  Section 

The  experimental  apparatus  was  described  previously.  In  brief,  a  stainless  steel  optical  cell 
with  CaF2  windows  was  employed  allowing  both  PL  and  transmission  IR  measurements  to  be 
made  on  powdered  TiOi.  The  base  pressure  in  the  high  vacuum  stainless  steel  cell  after  bake  out 
is  ~  3.0  X  10'^  Torr  as  measured  by  a  cold  cathode  gauge  or  a  quadrupole  mass  spectrometer 
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(SRS  model  RGA  200).  The  TiOi  powder  sample  is  fabricated  as  a  pressed  disk  held  in  a 

temperature-controlled  tungsten  grid.  The  high  vacuum  cell  is  rigidly  attached  to  a  small  portable 

high  vacuum  system  which  allows  it  to  be  moved  from  an  infrared  spectrometer  (Perkin-Elmer 

Spectrum  100)  to  an  adjacent  photoluminescence  spectrometer  (Perkin-Elmer  ES-55), 

maintaining  the  cell  position  accurately  constant  in  both  spectrometers.  The  TiOi  powder  is 

pressed  with  6000  psi  into  a  0.0095  cm  thick  tungsten  grid  filling  hundreds  of  window  openings 

(0.022  X  0.022  cm)  by  the  creation  of  a  7  mm  diameter  circular  spot  which  can  be  accurately 

-2 

positioned  in  the  UV  or  IR  optical  beam.  The  mass  of  the  TiOi  sample  is  5.9x10'  g.  The  sample 
is  held  on  the  tungsten  grid  which  is  clamped  to  a  Cu  (OEHC)  sample  holder  that  is  connected  to 
electrical  feedthroughs  and  mounted  on  the  end  of  a  re-entrant  Dewar.  The  temperature  of  the 
sample  is  measured  by  a  0.0095  cm  diameter  K-type  thermocouple,  spot  welded  on  the  center 
top  of  the  grid.  Temperature  control  is  achieved  to  0.1  K  using  f-Ni  cooling  and  electrical 
heating.  The  temperature  of  the  grid  can  be  linearly  programmed  between  84  K  and  1000  K  by 
using  a  data  acquisition  card  (National  Instrument,  DAC)  and  feedback  from  the  thermocouple  to 
control  the  heating  current.  This  allows  for  precise  isothermal  measurements. 

The  photoluminescence  measurements  employ  320  +  10  nm  (3.88  eV)  incident  light  from  a 
pulsed  Xe  source  (60  Hz  with  a  pulse  width  of  <10  ps).  The  continuous  power  measured  at  the 
sample  position  is  9.1x10'  J  s'  cm'  [1.5x10  photons  cm'  s'  ].  A  grating  and  a  320  nm  band 
pass  filter  are  employed  on  the  source  side.  The  spectra  are  obtained  using  15  nm  slit  width  at  the 
excitation  side  and  20  nm  slit  width  at  the  emission  side  with  a  scan  speed  of  500  nm  min'\  The 
PE  spectra  are  detected  by  an  R928  photomultiplier  tube  that  covers  the  200-900  nm  range.  Eor 
the  PE  measurements,  the  sample  is  positioned  15°  off  the  specular  reflection  direction  of  the 
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source  light  to  minimize  detection  of  the  reflected  incident  light  from  the  sample  surface  and 
from  the  CaFi  window. 

The  TiOi  powdered  samples  employed  in  this  work  were  provided  by  Evonik  Industries  (P- 
25,  formerly  Degussa).  The  Ti02  P-25  consists  of  75  %  of  anatase  and  25  %  rutile  phase  with 
particle  sizes  between  30-80  nm  and  a  surface  area  of  50  m  g’  .  A  water  slurry  of  Ti02  particles 
was  dried  in  air  at  353  K.  Additional  adsorbed  water  was  removed  by  treatment  of  the  pressed 
sample  in  vacuum  at  650  K  for  30  minutes.  Further  thermal  treatment  at  650  K  in  vacuum 
followed  by  treatment  in  02(g)  at  0.5  Torr  for  30  min  at  650  K  was  carried  out.  The  sample  was 
finally  treated  in  vacuum  at  650  K  for  10  min,  and  then  cooled  to  liquid  nitrogen  temperatures  in 
vacuum  for  the  experiments.  Following  this  treatment  the  IR  spectrum  of  the  sample  indicated 
that  no  OH  and  C-H  containing  adsorbed  species  were  present  at  the  detection  limit  of  about  1% 
of  a  monolayer.  The  oxygen  treatment  was  shown  to  effectively  remove  traces  of  adsorbed 
organic  impurities  which  display  C-H  stretching  modes  in  the  3000  cm'^  region. 

III.  Experimental  Results 

A.  Charging  and  Discharging  of  the  Ti02  Surface. 

In  Figure  2a  the  gray  spectra  with  maximum  at  530  nm  show  that  the  PF  intensity  from  Ti02 
particles  increases  during  long  UV  exposures  using  the  light  in  the  PF  spectrometer  to  activate 
long  term  changes  in  the  Ti02.  The  peak  at  395  nm  is  an  optical  artifact  and  is  disregarded^^.  In 
Figure  2b  gray  points  show  the  development  of  the  530  nm  peak  over  time.  The  PF  intensity 
ultimately  approaches  a  near- saturation  plateau  indicating  a  near-flat  band  condition.  Here,  the 
concentration  of  negative  surface  charge  diminishes  as  electrons  are  distributed  into  the  network 
of  Ti02  particles  (charging  process)  as  shown  in  Figure  1.  In  Figure  2b  the  red  curve  shows  that 
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the  PL  intensity  decreases  upon  discontinuation  of  UV  irradiation  for  192  min  in  vacuum 
(discharging  process).  The  PL  intensity  reaches  its  minimum  value  when  only  a  fraction  of 
distributed  electrons  diffuse  from  the  depth  of  the  powder  back  to  the  surface  thereby  causing 
only  partial  restoration  of  upward  band  bending  of  the  outermost  particles.  These  measurements 
in  the  dark  involve  short  UV  exposures  of  45  s  each  yielding  a  measurement  of  the  discharging 
rate  as  seen  by  the  drop  in  the  PL  intensity,  where  the  long  term  influence  of  the  UV  light  can  be 
disregarded  as  it  is  only  2.5  %  of  that  used  to  produce  the  inital  charging  curve. 


Figure  2.  a.  Development  of  a  530  nm  Ti02  photoluminescence  feature  during  continuous  UV  irradiation 
in  vacuum  at  140  K.  b.  Change  in  PL  intensity  during  and  upon  discontinuation  of  UV  irradiation  in 
vacuum  at  140  K:  Gray  curve  shows  an  exponential  increase  in  PL  intensity  upon  irradiation  of  TiOa 
particles  indicating  a  decrease  in  the  surface  negative  charge  due  to  electron  hopping  from  particle  to 
particle,  charging  the  interior  of  the  Ti02  network.  The  red  curve  shows  a  decrease  in  the  PL  intensity  of 
the  Ti02  particles  as  negative  charge  transports  from  the  interior  of  the  Ti02  powder  back  to  the  surface, 
partially  restoring  upward  band  bending. 
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B.  Electron  Migration  from  Particle  to  Particle. 

Figure  3  shows  several  consecutive  charging/discharging  cycles  of  the  TiOi  network  at  140  K 
in  vacuum.  During  the  UV  irradiation  cycles,  the  PL  intensity  increases  (shown  by  gray  curves) 
as  negative  surface  charge  diffuses  deeper  into  the  network  of  TiOi  particles  leaving  less  charge 
on  the  surface  and  causing  upward-bent  bands  to  flatten  (point  2).  As  previously  discussed,  the 
bands  flatten  as  UV  light  causes  electrons  to  leave  the  surface  of  the  Ti02  particles  located  on  the 
outermost  surface  of  the  powder.  Upon  discontinuation  of  UV  irradiation  (shown  by  red  curve), 
partial  relaxation  occurs  as  the  PL  intensity  exponentially  decreases  as  electrons  diffuse  back 
from  the  bulk  onto  the  TiOi  surface.  The  rate  of  charge  diffusion  from  the  surface  into  the  Ti02 
powder  bed  by  UV  irradiation  increases  as  higher  levels  of  PL  intensity  are  produced  in 
successive  experiments  (gray  curves)  with  rate  constants  ki.2=  2  x  lO’"^  s’\  k3.4=  3  x  10'"^  s’^  and 
k5.6=3  X  10'  s'  .  On  the  other  hand,  the  rate  of  charge  diffusion  from  the  bulk  to  the  surface  of 
the  Ti02  network  in  the  dark  in  vacuum,  decreases  as  time  passes  with  discharge  time  rates  k2-3= 
7  X  10'"^  s'\  k4.5=  4  X  lO''^  s'^and  k6-7=  3  x  10'"^  s'\  The  reason  for  the  decreasing  rate  of  discharge 
is  that  during  the  passage  of  time  in  the  experiment,  electronic  charge  penetrates  more  deeply 
into  the  bulk,  and  becomes  unavailable  for  back  diffusion. 
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Figure  3.  Photoluminescence  development  upon  UV  irradiation  (gray  squares)  and  relaxation  in  the  dark 
(red  circles)  at  140  K  in  vacuum.  During  the  three  UV  irradiation  cycles  (shown  hy  gray  squares),  the  rate 
of  photoluminescence  intensity  increase  yields  the  slowest  (ki-2=  2  x  10'"^  s  ’);  development  in  the  first 
cycle  and  faster  (k3.4=  3  x  10  “’  s  ’  and  k5.6=  3  x  10'^  s  ’)  development  during  the  second  and  third 
irradiation  cycle,  respectively.  Upon  interruption  of  UV  light  (shown  hy  red  circles),  the  rate  of  change  of 
the  PL  intensity  decreases  as  time  passes  giving  PL  decay  rates  of  k2.3=  7  x  lO  ’  s  ’,  k4.5=  4  x  10  “’  s  ’and 
k6.7=  3  X  10“’  s  ’. 

C.  Adsorbed  NH3  -  Immobilization  of  Surface  Charge  in  Interconnected  TiOi  Particles. 

We  studied  the  adsorption  of  the  electron  donor  molecule  NH3  on  Ti02  particles  to  determine 
if  the  deposition  of  an  immobile  charged  chemical  species  would  show  different  behavior  from 
the  displacement  of  mobile  electrons.  Adsorption  of  NH3  is  performed  at  120  K  which  is  a 
temperature  where  electrons  are  mobile  in  TiOi.  In  Figure  4,  the  green  point  shows  the  PL 
intensity  from  a  clean  n-type  Ti02  surface  in  vacuum  at  120  K  which  represents  an  initial  upward 
band  bending  condition  of  the  n-type  material.  Upon  admission  of  ~  8  x  lO’^  NH3  molecules  in 
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the  dark,  the  PL  intensity  initially  rises  as  a  result  of  the  flattening  of  the  band.  Chemisorbed 
NH3  causes  the  partial  cancellation  of  the  local  negative-outward  surface  dipole  on  the  outer 
Ti02  n-type  particle  (as  shown  by  red  points).  Following  NH3  adsorption  in  the  dark  at  120  K, 
the  PL  intensity  remains  constant  in  vacuum  for  130  min  which  implies  the  presence  of  a  stable 
surface  charge  on  the  TiOi  particles  in  the  outermost  surface. 

This  experiment  strikingly  demonstrates  the  contrasting  behavior  of  mobile  electrons  as 
they  hop  between  Ti02  particles  and  immobile  electrons  as  they  remain  attracted  by  positively 
charged  adsorbate  molecules  which  do  not  move  into  the  interior  of  the  Ti02  powder  at  the 
temperature  employed^^.  The  sign  of  the  behavior  of  the  PL  intensity  and  the  rate  of  PL  intensity 
change  is  a  measure  of  the  mobility  and  the  direction  of  motion  of  electrons  contrasted  to  the 
immobility  of  electrons  upon  adsorption  of  positively  charged  molecules. 


Figure  4.  A.  Immobilization  of  charges  by  chemical  means.  Adsorption  of  NH3  on  n-type  Ti02  surface 
with  upward  bent  bands  at  120  K  in  the  dark.  Upon  admission  of  ~8xl0’®  molecules  of  NH3  (electron 
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donor  molecule),  the  PL  intensity  increases  quickly  as  the  upward  hent  hands  of  Ti02  flatten  and  the  PL 
intensity  then  remains  invariant  over  time  in  the  dark. 

D.  Temperature  Dependence  of  Charge  Migration  between  TiOi  Particles. 

In  Figure  5,  the  gray  points  show  the  normalized  PL  development  under  UV  irradiation  for  ~ 
184  min  in  vacuum.  Here,  the  irradiated  surface  is  initially  brought  to  a  near-flat  band  condition. 
At  184  min  the  UV  light  is  blocked  for  120  min  at  different  temperatures:  84  K;  100  K;  110  K; 
and  140  K.  In  the  dark,  the  PL  intensity  exponentially  decreases  and  the  rate  of  the  discharging 
process  increases  with  rate  constants  of  k84K=  1.9  x  10'"^  s'^;  kiooK=  3.5  x  10'"^  s'^;  kiioK=  3.9  x  10'"^ 
s'*  and  ki40K=4.6  x  10'"^  s'^  as  the  temperature  is  increased  from  84  K  to  140  K,  respectively. 
Comparing  data  at  all  four  temperatures,  one  sees  that  the  rate  of  charge  migration  from  the  TiOi 
interior  to  the  surface  is  reduced  at  lower  temperatures  as  judged  by  the  rate  of  decay  of  the  PL 
intensity  in  vacuum  in  the  dark.  The  inset  b.  shows  the  natural  logarithm  of  the  rate  of  charge 
migration  between  particles  as  a  function  of  T'\  Here,  the  error  bar  represents  a  +  20  %  estimated 
error  of  the  charge  migration  rate.  The  activation  energy  for  the  electron  transfer  process  is 
determined  from  the  plot,  Ea=  0.015  +  0.008  eV. 
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Figure  5.  Photoluminescence  decay  in  the  dark  in  vacuum  at  different  temperatures.  Gray  points 


represent  the  PL  development  upon  UV  irradiation.  The  Ti02  surface  is  prepared  to  a  near-flat  hand 


condition  as  a  saturation  PL  intensity  plateau  is  almost  achieved.  Upon  interruption  of  UV  light,  the  PL 


decrease  is  observed  at  different  temperatures:  84  K  (green);  100  K  (red);  110  K  (blue)  and  140  K 
(orange).  Inset  b.  shows  the  natural  logarithm  of  the  rate  of  charge  migration  in  the  dark  as  a  function  of 


temperature  where  the  extracted  activation  energy  is  0.015  +  0.008  eV.  The  data  are  normalized  at  the 
maximum  PL  intensity. 


IV.  Discussion 

A.  Diffusion  of  Electrons  in  Ti02  Powder. 

The  planar  powdered  TiOi  sample  is  pressed  into  rectangular  units  of  dimension  0.022  cm  x 
0.022  cm  X  0.0095  cm  thickness  inside  a  tungsten  grid.  Each  small  unit  is  a  rectangular  block  of 
semiconducting  powder  with  a  back  and  front  face  exposed  to  vacuum  and  with  the  four  edges 
connecting  to  tungsten-oxide-coated-W  boundaries.  This  corresponds  to  a  material  suspended 
with  vacuum  interfaces  on  the  front  and  back,  and  with  insulating  interfaces  at  the  four  edges. 
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The  tungsten  grid  holding  the  TiOi  may  be  considered  as  an  insulating  support  due  to  its  thick 
oxide  coating  .  The  geometry  of  each  of  the  Ti02  units  is  that  of  a  suspended  rectangular- shaped 
powder  matrix  without  external  contact,  and  it  may  therefore  be  considered  to  be  an  isolated  unit 
in  vacuum. 

UV  light,  incident  on  the  front  surface  of  the  powdered  matrix,  and  mainly  absorbed  by  the 
outermost-TiOi  particles,  causes  electron  transport  into  the  interior  producing  a  positive  surface 
photovoltage  (Figure  1)  which  serves  to  flatten  the  upward  bent  bands  of  the  outermost  particles. 
This  is  associated  with  a  PL  intensity  increase  [exponential  with  time  and  UV  flux  (Fhv)]  during 
long  UV  light  exposures  in  vacuum  as  shown  in  Figure  2.  Upon  turning  the  light  off,  the 
flattened  bands  start  bending  upwards  again  as  negative  charge  inside  the  Ti02  powder  senses 
the  more  “positively”  charged  surface,  and  electrons  return  by  slow  hopping  back  to  the  surface. 
Due  to  the  slow  electron  hopping  throughout  the  powder  matrix,  the  rate  constant  of  decay  in 
Figure  3  of  the  photovoltage  in  the  dark  is  slow  and  is  of  order  4  x  10'"^  s’^  at  140  K.  The  slow 
hopping  of  trapped  electrons  during  discharging  in  the  dark  in  anatase  Ti02  powder  was  also 
observed  by  both  EPR  spectroscopy"^^’ and  DRIFT-FTIR"^^  under  high  vacuum  conditions.  This 
rate  constant  yields  an  electron  mobility  which  is  seven  orders  of  magnitude  smaller  than  the 

oc 

electron  mobility  associated  with  in  situ  electron  transport  processes  in  Ti02  single  crystals  and 
must  correspond  therefore  to  charge  redistribution  due  to  electron  hopping  over  the  surface  of  the 
Ti02  particles  and/or  between  Ti02  particles.  The  electron  transport  to  the  interior  particles  of 
the  powdered  matrix  when  UV  light  is  on  is  accompanied  by  back  diffusion  of  charge  to  the 
surface.  Hence,  the  measured  rate  of  change  in  the  PL  intensity  is  the  sum  of  the  rate  of  forward 
diffusion,  driven  by  UV  light,  and  the  rate  of  back  diffusion  of  electrons.  When  UV  light  is  off, 
the  observed  PL  behavior  is  directly  related  only  to  back  diffusion  of  electrons  from  the 
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interior  of  the  Ti02  matrix  back  to  the  outermost  TiOi  particles  which  then  experience 
upward  band  bending  and  an  associated  reduction  of  PL  intensity.  Here,  only  a  fraction  of 
the  bulk  electrons  migrates  back  to  the  Ti02  surface,  as  judged  by  the  20%  reduction  in  PL 
intensity  at  140  K,  as  most  of  the  electrons  are  distributed  deeper  in  the  powder  where  long 
hopping  distances  reduce  electron  back  diffusion  rates  to  the  surface.  Most  importantly,  in  the 
cyclical  experiment  of  Figure  3,  electrons  are  constantly  diffusing  into  the  interior  as  time  passes. 
Figure  6  shows  a  distribution  of  electron  density,  Ue,  as  time  passes  and  electrons  penetrate  by 
diffusion  deeper  and  deeper  into  the  porous  TiOi  particle  bed.  The  inward  electron  diffusion  rate 
decreases  as  the  gradient  of  electron  density  decreases  with  time.  A  back  diffusion  rate 
component  also  exists  in  this  picture  and  as  time  passes,  despite  the  gradient  behavior,  the  back 
diffusion  rate  component  will  also  decrease  as  electron  density  spreads  to  the  interior  due  to  the 
longer  diffusion  path  lengths  involved.  Since  the  net  rate  of  electron  transport  is  the  sum  of  the 
forward  component  and  backward  component  rates,  as  time  passes  for  charging  experiments 
with  the  UV  irradiation  on,  the  rate  of  charging  (and  hence  the  rate  of  increase  in  the  PL 
intensity)  will  increase,  reflecting  the  decrease  in  the  back  diffusion  rate  for  electrons  which  have 
penetrated  more  deeply  into  the  Ti02  matrix.  Thus,  in  Figure  3,  ks-e  >  k3.4  >  ki.2.  Conversely,  as 
time  passes  and  deeper  electron  penetration  occurs,  where  the  electron  path  length  for  back 
diffusion  increases,  the  rate  of  back  diffusion  in  Figure  3  will  decrease  and  k2-3  >  k4.5  >  ke-?.  The 
rate  component  of  back  diffusion  is  a  convolution  of  the  electron  density  gradient  and  the 
distances  of  electron  diffusion  to  reach  the  surface  at  x  =  0. 
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of  the  TiOg  particle  bed) 

Figure  6.  Diffusion  of  electrons  over  time  in  a  Ti02  network.  The  density  of  electrons  (ng)  at  the  surface 
decreases  as  electrons  diffuse  deeper  into  the  Ti02  matrix.  As  time  passes  (t3>t2>ti)  more  electrons  are 
distributed  into  the  Ti02  matrix  as  shown. 

The  behavior  of  mobile  electrons  is  not  observed  when  immobile  adsorbate  is  used  to  produce 
surface  charging.  Thus  in  Figure  4,  the  adsorption  of  NH3,  a  donor  molecule  causing  band 
flattening,  is  comparable  to  the  production  of  a  positive  photovoltage  and  causes  an  enhancement 
of  the  PL  intensity.  However,  since  at  120  K,  NH3  is  immobile  and  does  not  diffuse  or  desorb 
away  from  the  surface  of  the  outermost  TiOi  particle^^,  the  PL  decay  effect  is  not  observed  since 
“charge”  mobility  is  absent  due  to  the  attraction  of  immobile  NH3  molecules  to  interior  electrons 
and  a  constant  surface  charge  is  present.  This  molecule  has  the  expected  effect  on  the  PL 
intensity  and  is  unlike  mobile  electrons  in  dynamical  behavior. 

B.  Temperature  Dependence  of  Electron  Hopping  through  TiOi  Particles. 

An  approximate  estimate  of  the  effect  of  temperature  on  hopping  transport  has  been  obtained 
by  measuring  the  discharge  decay  behavior  of  the  charged  Ti02  surface  at  various  temperatures. 
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Figure  5  shows  that  after  charging  to  a  near  maximum  condition,  the  decay  rate  of  the  discharge 
process  increases  as  temperature  is  increased  in  the  range  84  K  -  140  K.  The  Arrhenius  plot  of 
these  data  show  that  the  activation  energy  for  the  decay  rate  is  0.015  +  0.008  eV.  This  activation 
energy  relates  to  the  barrier  for  particle-to-particle  transport  of  electrons  where  0.030-0.100  eV 
activation  energies  have  been  found  for  such  transport  process  in  capped  CdSe  quantum  dots  and 
capped  silver  nanocrystals"^^’  Our  measurements  cannot  discriminate  an  activated  process  for 
transport  from  electron-trap  to  trap-site  on  the  TiOi  particle  surfaces  compared  to  electron 
hopping  from  TiOi  particle  to  TiOi  particle. 

C.  Estimates  of  Electron  Mobility  in  Hopping  through  TiOi  Particles. 

An  approximate  estimate  can  be  made  of  the  mobility  of  the  electrons  using  the  time 
constants  for  decay  of  charge  and  crude  estimates  for  the  diffusion  lengths  and  electrostatic 
potential  between  the  fully-charged  front  face  of  the  Ti02  powder  and  the  back  face.  For  the 
fully-charged  TiOi  surface  in  Figure  5,  we  measure  a  discharge  rate  constant  at  140  K  of  k=  4.6 
X  10'"^  s'\  Assuming  that  the  electrical  potential  at  the  Ti02  front  surface  is  of  order  of  0.1 
and  the  thickness  of  the  powder  layer  is  9.5  x  10'^  m,  and  the  dielectric  constant  of  powdered 
Ti02  is  100  we  estimate  that  the  electric  field  across  the  depth  of  our  Ti02  sample  is  of  order 
10  V  m'  .  By  extrapolation  of  the  Arrhenius  plot  in  Figure  5,  we  estimate  that  the  300  K  electron 
mobility  is  1  x  10'^'^  m^V'^s"'.  This  value  is  in  satisfactory  agreement  with  Nelson’s  et  al.  value 
for  electron  mobility  (1  x  10'^^  m^V'^s'^  -  ~1  x  lO'^'^  m^V'^s’^)  in  a  porous  Ti02  network 
obtained  under  vacuum  conditions  by  time-of-flight  measurements  at  300  K  . 
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V.  Summary  of  Results 

The  following  results  have  been  obtained  from  this  study  of  the  production  and  decay  of 
photoluminescence  in  a  compressed  TiOi  powder  of  n-type  material,  working  in  high  vacuum 
with  relatively  clean  surfaces: 

1.  Discharging  rates  have  been  measured  as  a  function  of  temperature.  It  has  been  found  that  Ti02 
powder,  when  charged  by  the  surface  photovoltage  effect  on  its  outer  surface  by  exposure  to  UV 
light  (3.88  eV),  will  discharge  in  the  dark  as  electrons  originally  transported  into  the  Ti02  bulk 
are  allowed  to  back  diffuse  to  the  surface. 

2.  The  data  obtained  from  cyclical  experiments  of  charging  and  discharging  indicate  that  the  charge 
transport  can  be  understood  by  simple  considerations  of  the  behavior  of  a  planar  slab  of  Ti02 
powder. 

3.  The  activation  energy  for  the  electron  transport  process  has  been  measured  to  be  0.015  +  0.008 
eV  in  the  84  -  140  K  temperature  region. 

4.  An  estimate  of  the  electron  mobility  of  1  x  10"'°  m^V's’^  has  been  made  for  the  transport  process 
and  the  process  observed  here  is  very  slow  compared  to  in  situ  electron  transport  processes  in 
crystalline  Ti02.  It  is  assigned  to  electron  hopping  either  from  Ti02  surface  site  to  surface  site,  or 
from  nanocrystallite  to  nanocrystallite  in  the  Ti02  matrix. 

5.  Although  expected  changes  in  PL  intensity  are  achieved  by  adsorption  of  an  immobile  donor 
molecule,  charge  mobility  effects  in  the  Ti02  are  not  seen  as  for  mobile  electrons. 
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Chapter  6. 

Effect  of  Single  Wall  Carbon  Nanotubes  and  An  Nanoparticles  on  Electron 
Hopping  between  Photoactive  Ti02  Particles 


Unpublished  work:  (1)  Stevanovic,  A.;  Yates,  J.  T.,  Jr., ’’Molecular  Conductor  Wires  and 
Electron  Hopping  between  Photoactive  Ti02  Particles”,  in  preparation. 

(2)  Stevanovic,  A.;  Ma,  S.;  Yates,  J.  T.,  Jr., ’’Effect  of  Au  nanoparticles  on  Electron  Hopping 
between  TiOi  Particles”,  in  preparation. 

I.  Introduction 

In  the  optimization  of  inorganic  photovoltaic  devices,  a  major  challenge  is  to  enhance  the 
rate  of  charge  transport  between  semiconductor  particles  to  improve  the  efficiency  of  collecting 
photogenerated  electrons  by  the  back  electrode'.  The  charge  transport  phenomenon  in  metal- 
oxide  semiconductor  particles  (Ti02,  ZnO  and  others)  has  been  extensively  studied  due  to  the 
capability  of  these  materials  to  be  photo-activated  by  sunlight  ’  .  Upon  absorption  of  the  light 
from  the  solar  spectrum  that  has  energy  higher  than  their  band  gap  energy  (Ebg  ~  3  eV),  these 
metal-oxide  semiconductors  can  be  electronically  excited.  Hence,  the  charge  transport  induced 
by  ultraviolet  irradiation  has  been  studied  by  surface  photovoltage  spectroscopy^’'^, 
photoluminescence  (PE)  spectroscopy  and  modeling"’'"'.  It  was  found  that  photoexcited 
electrons  in  the  semiconductor  particle  can  move  freely  in  the  conduction  band  or  become 
trapped  at  a  defect  site.  Eor  such  trapped  electrons,  hopping  from  a  site  to  a  neighbor  site  or  from 
a  particle  to  a  neighbor  particle  takes  place.  We  previously  demonstrated  that  continuous  UV 
irradiation  on  n-type  Ti02  electrically  charges  the  Ti02  powder  by  distributing  photoexcited 
electrons  deep  into  the  Ti02  powder  bed  causing  the  surface  photovoltage  to  become  more 
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positive.  However,  in  the  dark,  the  powder  discharges  as  negative  charge  relaxes  back  to  the 
Ti02  surface,  as  the  charged  capacitor  discharges  by  the  slow  electron  hopping  process  partially 
restoring  negative  surface  charge^^.  The  relaxation  of  negative  charge  back  to  the  surface  is 
found  to  be  a  very  slow  process  on  the  minute’s  time  scale  at  100  K  in  contrast  to  in  situ 
transport  processes  within  a  single  Ti02  particle  which  occur  on  a  picosecond  time  scale  in 
crystalline  Ti02^^. 

One  way  to  amplify  the  rate  of  charge  transport  between  Ti02  particles  is  to  link 

semiconductor  particles  together  with  highly  conjugated  molecules  or  metal  nanoparticles.  The 

addition  of  these  molecules  is  expected  to  enhance  electrical  conductance  between  Ti02  particles. 

The  unique  electronic  properties  of  single  wall  carbon  nanotubes  (SWNT),  a  highly  conjugated 

molecule  with  enormous  specific  surface  area,  suggests  that  SWNTs  are  good  candidates  for 

enhancement  of  the  conductance  between  Ti02  particles.  Its  conductivity  is  related  to  electron 

delocalization  through  its  conjugated  sp  orbitals  and  thus,  this  molecule  is  capable  of 

withdrawing  photoexcited  charges  from  Ti02  particles  and  possibly  assisting  in  charge 

conduction  between  particles Figure  8  shows  a  SWNT  schematically  interacting  with  a  Ti02 

particle.  The  alignment  of  the  bandgap  of  a  semiconductor  SWNT  molecule  to  the  Ti02  bandgap 

is  schematically  shown  and  it  may  be  seen  that  SWNT  molecules  are  expected  to  behave  as 

acceptor  molecules  for  Ti02  electrons  which  have  been  excited  by  UV  light  into  the  Ti02 

conduction  band  (CB).  The  experimentally  obtained  charge  carrier  mobility  in  SWNTs  is  10  m 
1  1  20  21 

V  s'  at  room  temperature  ’  and  is  strongly  governed  by  the  density  of  defects  and  by  electron 
scattering  by  phonons  in  the  material  .  The  carrier  mobility  controlled  by  electron  hopping 
between  Ti02  particles^^  is  10'^'^  m^  V'  s'\  ~18  order  of  magnitude  below  SWNT  mobility, 
suggesting  the  vastly  improved  conduction  should  be  achieved  by  doping  Ti02  by  SWNTs.  It 
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was  reported  that  SWNTs  and  other  fullerenes  enhance  inter-particle  conduction  between  Ti02 
particles.  Kamat  et  al.  '  studied  several  nanostructures  where  molecules  such  as  SWNT,  Ceo 
and  graphene  oxide  were  employed  to  link  TiOi  semiconductor  particles  together.  Their  findings 
measuring  the  photocurrent  of  the  Ti02  that  contained  SWNT  show  that  carbon  nanotube 
molecules  act  as  electron  acceptors  and  also  as  conductors  as  they  are  capable  of  withdrawing 
charge  and  transporting  it  away  from  Ti02  particles.  It  should  be  pointed  out  that  the  Kamat’s 
studies  are  carried  in  solutions  (ethanol  or  toluene)  where  our  studies  involve  SWNT-Ti02 
mixtures  which  have  been  mechanically  prepared  and  processed  at  elevated  temperatures  in 
vacuum.  Another  method  to  enhance  the  inter-particle  charge  transport  is  to  decorate  Ti02 
powder  with  Au  nanoparticles  by  their  attachment  to  Ti02  particles  from  solution^^. 

We  present  experiments  that  involve  a  new  photoluminescence  decay  method  developed 
in  our  laboratory  to  measure  the  enhancement  of  particle-particle  conductivity  in  vacuum,  under 
well-controlled  surface  conditions,  employing  different  concentrations  of  SWNTs  to  explore 

O'? 

their  electron  accepting  and  conducting  abilities  when  mixed  with  Ti02  particles  .  This  method 
involves  charging  of  the  Ti02  powder  by  continuous  UV  irradiation  at  3.88  eV  which  causes  a 
redistribution  of  electrons  within  the  Ti02  powder  bed  inducing  changes  in  surface  photovoltage 
as  observed  by  an  increase  of  the  PL  intensity  of  Ti02  as  shown  in  Figure  1  (a).  In  contrast  to 
charging  by  UV  light,  upon  discontinuation  of  irradiation,  the  distributed  electrons  tend  to  return 
back  to  the  surface,  partially  restoring  the  surface  photovoltage  as  observed  by  decrease  in  the 
PL  intensity  as  shown  in  Figure  1(b).  The  charging  and  discharging  of  the  Ti02  powder  bed  is 
governed  by  equations  shown  in  the  Figure  1.  By  employing  this  method  we  are  able  to 
distinguish  between  electron  acceptor  and  electron  conducting  properties  of  a  linker  molecule. 
We  found  that  photoluminescence  due  to  electron-hole  recombination  in  Ti02  is  suppressed  as 
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concentration  of  SWNTs  increases,  implying  that  SWNTs  possess  electron  acceptor  capabilities. 
In  addition,  we  found  that  incorporation  of  1-5  %  of  SWNTs  by  weight  produced  no  change  in 
the  PL  development  rate  upon  continuous  UV  irradiation.  This  indicates  that  the  SWNTs  do  not 
influence  the  rate  of  charging  or  the  rate  of  the  surface  photovoltage  effect.  The  rate  constants  for 
charging  the  SWNT-TiOi  composite  and  pure  Ti02  are  the  same.  In  addition,  upon 
discontinuation  of  UV  excitation,  we  observe  that  electrons  tend  to  return  to  the  Ti02  surface 
(discharging)  without  the  rate  being  affected  by  SWNT  molecules.  We  measured  the  rate  of 
discharge  to  be  the  same  for  all  samples  that  contained  SWNTs,  compared  to  clean  Ti02.  In 
addition,  we  observed  that  Au  nanoparticles  dramatically  suppress  the  electron-hole 
recombination  process  in  Ti02  and  also  significantly  reduce  the  electron  hopping  rate  between 
Ti02  particles. 

The  effect  of  adsorbed  oxygen  and  other  species  such  as  organic  molecules  and  water  can 
be  neglected  in  our  experiments  as  they  all  are  performed  under  high  vacuum  conditions,  after 
vacuum  processing  at  high  temperatures. 
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A. 


B. 

(a)  Under  UV  Irradiation  (b)  In  the  dark 
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Figure  1.  A.  Photoluminescence  development  (a)  during  continuous  irradiation  and  (b)  in  the  dark;  B. 
Schematic  of  charging  the  Ti02  powder  by  continuous  irradiation  induces  charge  redistribution  toward  a 
flat-band  condition  and  discharging  in  the  dark  restores  upward  band  bending.  Both  charging  and 
discharging  curves  were  fitted  by  single  exponential  curve  with  time  constants  for  charging  kc=  1.6  x  10  “* 
s  '  and  discharging  kd=  3.3  x  10  “*  s  '. 
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II.  Experimental  Methods 

Photoluminescence  and  infrared  measurements  of  powdered  samples  were  performed  in  a 

o 

continuously  pumped  high  vacuum  cell  as  described  previously  .  In  brief,  the  stainless  steel 
optical  cell  with  two  CaFi  windows  allowing  both  PL  and  IR  measurements,  can  be  moved  from 
a  purged  IR  spectrometer  to  an  adjacent  PL  spectrometer.  The  base  pressure  in  the  cell  after 
bakeout  was  ~  2.0  x  10'^  Torr  as  measured  by  a  cold  cathode  gauge  or  residual  gas  analyzer 
(RGA  SRS  200).  The  samples  were  pressed  as  7  mm  diameter  pellets  with  0.095  mm  thickness 
into  a  tungsten  grid  with  0.022  cm  x  0.022  cm  square  openings.  The  mass  of  each  sample  was  ~ 
5.9  X  10'  g.  The  grid  was  clamped  to  a  Cu  (OFHC)  sample  holder  which  was  connected  to 
electrical  feedthroughs  and  mounted  on  the  end  of  a  re-entrant  Dewar.  The  temperature  of  the 
samples  was  monitored  by  with  a  K-type  thermocouple  spot-welded  on  the  center  top  of  the  grid 
and  was  programable  to  0.1  K  in  the  range  of  84  and  1000  K  using  liquid-N2  cooling  and 
electrical  heating. 

The  PL  measurements  employed  a  320  +  10  nm  (3.88  eV)  incident  light  from  a  pulsed  Xe  source 
with  continuous  power  9.1  x  10'  J  cm'  s'  (1.5  x  10  photons  cm'  s'  )  measured  at  the  sample 
position.  The  PL  spectra  were  measured  15°  off  the  specular  direction  to  minimize  reflection  of 
incident  light  from  the  sample  surface  and  the  windows.  A  cutoff  filter  at  390  nm  was  employed 
on  the  detector  side  to  minimize  the  further  influence  of  reflected  incident  light.  During 
experiments,  the  sample  was  continuously  exposed  to  the  incident  UV  radiation  unless  a  shutter 
was  used  to  block  the  radiation. 

The  TiOi/SWNT  composites  were  synthesized  by  mixing  Ti02  powder  (Evonic 
Industries,  formerly  Degussa  P-25)  and  a  mixture  of  metallic  (60  %)  and  semiconducting  (40%) 
SWNT  (South  West  Nanotechnology).  Typically,  0.1  g  of  SWNT  was  dispersed  into  deionized 
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water  and  sonicated  for  10  minutes.  To  obtain  composites  with  different  mass  ratios  of  SWNT  to 
Ti02,  various  amounts  of  Ti02  were  added  into  the  SWNT  water  slurry  and  then  sonicated  for 
another  10  minutes  to  better  disperse  the  nanotubes  in  the  Ti02  slurry.  The  slurry  was  dried 
under  vigorous  stirring  at  353  K  and  dried  Ti02/SWNT  composites  with  100:1,  100:3  and  100:5 
ratios  were  produced.  Also,  the  reference  sample,  pure  Ti02,  was  suspended  in  deionized  water, 
sonicated  and  dried  at  353  K.  The  pure  Ti02  sample  was  pressed  into  the  upper  section  of  the 
grid  while  the  Ti02/SWNT  was  pressed  into  the  lower  section.  The  two  samples  were  studied  on 
the  same  grid  under  identical  conditions,  by  adjusting  the  vertical  position  of  the  grid. 

For  Au  particles,  the  well-known  reduction  of  HAuCU  (hydrogen  tetrachloroaurate 
trihydrate)  in  urea  solution  was  used  ,  giving  controlled  Au  cluster  growth  located  on  the 
admixed  Ti02  particles  in  the  range  from  a  few  nanometers  in  diameter.  This  method  provided 
Au  nanoparticles  supported  on  Ti02  with  the  average  Au  particle  size  of  ~  3  nm  . 

Before  PL  and  IR  measurements,  the  samples  were  heated  in  vacuum  to  680  K  in  0.1 
Torr  of  research-grade  O2  (99.99%)  for  40  min  to  remove  surface  impurities  and  to  partially 
oxidize  the  sample.  The  sample  was  then  evacuated  at  680  K  for  10  min,  and  then  cooled  down 
to  84  K  for  PL  and  IR  measurements. 

An  electron  micrograph  of  the  Ti02/SWNT  composite  is  shown  in  Figure  2  (a)  for  the 
5%  mixture.  It  may  be  seen  that  the  SWNTs  exist  primarily  in  bundles,  bonded  by  van  der  Waals 
forces,  as  they  interact  with  multiple  Ti02  particles.  Figure  2  (b)  shows  an  electron  micrograph 
of  Au-Ti02  with  a  Au  particle  size  distribution  that  indicates  a  most  probable  Au  diameter  of  3 
nm. 
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A.  5  %  SWNT-Ti02  B.  8  %  Au-  Ti02 


Figure  2.  TEM  Micrograph  of  A.  5  %  SWNT-Ti02  composite;  B.  8  %  Au-  Ti02  composite. 

III.  Experimental  Results 

A.  SWNT  Effect  on  Electron  Hopping  between  TiOi  Particles. 

Figure  3  shows  that  PL  intensity  of  TiOi  when  different  eoneentrations  of  single  wall  earbon 
nanotubes  are  mixed  together  with  TiOi.  The  PL  peak  intensity  of  clean  TiOa  powder  (red 
spectrum)  is  compared  with  PL  emission  of  TiOi  powders  that  contain  A.  1  %;  B.  3  %  and  C.  5 
%  of  SWNTs  (gray  spectra).  All  spectra  show  the  same  PL  emission  peak  at  ~  525  nm  (  2.36 
eV)  .  The  small  feature  at  390  nm  is  an  artifact  that  originates  from  the  reflection  of  the  incident 
UV  beam  off  the  CaF2  window  and  tungsten  grid  and  this  is  disregarded.  The  mixed  Ti02- 
SWNT  composites  show  a  decrease  in  PL  intensity  to  82  %,  55  %  and  40  %  respectively,  of  the 
PL  intensity  of  the  pure  Ti02  sample.  The  decrease  in  PL  intensity  of  Ti02  indicates  that  a  very 
small  amount  of  SWNTs  have  a  significant  effect  on  electron-hole  recombination  in  Ti02 
particles  as  carbon  nanotubes  efficiently  delocalize  electrons  from  photoexcited  Ti02  particles. 
The  withdrawing  of  photogenerated  electrons  by  SWNT  reduces  the  magnitude  of  electron-hole 
recombination  and  hence  the  photoluminescence  intensity. 
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Figure  3.  Photoluminescence  spectra  of  clean  Ti02  (red  curve)  and  Ti02-SWCNT  composites  (gray 
curves).  The  mixed  Ti02-SWNT  composites  contain:  A.  1  %;  B.  3  %  and  C.  5  %  of  SWNTs  in  Ti02 
powder.  All  samples  show  an  emission  maximum  at  ~  525  nm  upon  excitation  hy  3.88  eV  (320  nm) 
irradiation  in  vacuum  at  84  K.  Spectra  from  Ti02  that  contain  SWNTs  are  normalized  to  the  spectrum  of 
the  clean  Ti02  reference  sample  present  in  each  experiment;  the  two  measurements  are  carried  out  hy 
sample  transition  in  the  cell. 

Figure  4  shows  the  charging  and  discharging  rates  for  several  Ti02  samples  that  contain  0%,  1%, 

no 

3%  and  5%  of  SWNT  at  110  K  under  vacuum.  Our  previous  finding  indicated  that  electrons 
show  hopping  mobility  at  this  temperature  where  electron  hopping  occurs  with  an  activation 
energy  of  15  meV.  During  continuous  UV  irradiation  with  3.88  eV  photons  for  185  min  in 
vacuum,  the  PL  intensity  of  all  Ti02-SWNT  composites  is  enhanced  with  very  similar  PL 
development  rates  related  to  the  increase  of  surface  photovoltage  in  the  powdered  samples.  On 
the  other  hand,  when  the  UV  irradiation  was  discontinued,  the  PL  intensity  shows  a  decrease. 
These  measurements  show  that  Ti02-containing  single  wall  carbon  nanotubes,  while  acting  as 
electron  acceptors  by  reducing  the  PL  intensity,  show  the  same  charging/discharging  rates  as 
pure  Ti02  powder  at  a  constant  temperature.  The  inset  shows  the  charging/discharging  rates  as 
the  concentration  of  SWNTs  increases.  The  average  charging  rate  at  110  K  is  kc~  1.4  x  10"^  s'\ 
while  the  average  discharging  rate  at  110  K  is  kj  ~  3.4  x  lO’"^  s’^  This  result  implies  that  SWNTs 
which  connect  Ti02  particles  absorb  electrons  or  interfere  with  electron-hole  recombination,  but 
do  not  have  any  measurable  effect  on  discharge  rate  of  electrical  conduction  between  Ti02 
particles.  Since  the  time  constants  for  charging  are  very  similar  for  all  samples,  we  show  only 
one  charging  curve  (gray  squares)  in  Figure  4  which  is  an  average  of  all  charging  curves. 
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Figure  4.  Charging  curve  (gray  squares)  is  obtained  upon  continuous  UV  irradiation  for  185  min  in 
vacuum.  Discharging  curves  for:  clean  Ti02  (blue),  1%  SWNT  (orange),  3%  SWNT  (red)  and  5  % 
SWNT  (green)  upon  discontinuation  of  UV  light  for  150  min.  Inset  shows  the  rates  for  both  charging  (red 
squares)  and  discharging  (blue  squares)  processes.  All  data  were  collected  at  1 10  K  in  vacuum. 


B.  Au  Effect  on  Electron  Hopping  between  TiOi  Particles. 

Figure  5  shows  the  PL  spectra  of  pure  TiOi  and  Au/TiOa  in  vacuum  measured  at  110  K.  At 
110  K  the  PL  intensity  from  Ti02  is  smaller  than  at  84  K  (see  Figure  3)  due  to  plasmon 
excitation  and  subsequent  electron  scattering.  The  TiOi  sample  shows  a  PL  peak  maximum  at 
about  540  nm  (red  curve).  The  PL  emission  of  Au/Ti02  sample  is  significantly  suppressed 
compared  to  the  pure  Ti02,  and  the  PL  peak  almost  disappears  (gray  curve).  This  result  is 
evidence  of  Au  nanoparticles  capturing  photoexcited  electrons  from  Ti02.  As  a  result,  the 
probability  for  electrons  to  recombine  with  holes  to  generate  photoluminescence  is  suppressed 
leading  to  significantly  small  PL  intensity  of  Ti02.  There  are  also  two  peaks  observed  at  390  and 
780  nm  in  Figure  5.  The  peak  at  390  nm  is  due  to  a  small  amount  of  reflected  incident  radiation 
off  the  CaF2  window  and  the  tungsten  grid  while  the  peak  at  780  nm  is  a  second-order  feature  of 


119 


131 


the  390  nm  reflected  light.  Both  peaks  remained  invariant  during  the  experiment.  In  addition,  the 
two  peaks  are  obsereved  when  the  PL  spectrum  of  an  empty  portion  of  the  W-  grid  was  recorded. 


Figure  5.  Photoluminescence  spectra  of  pure  TiOa  (red  spectra)  and  Au/Ti02  (gray  spectra)  in  vacuum  at 
110  K.  The  PL  emission  shows  maximum  at  ~  540  nm  when  excited  by  320  nm  (3.88  eV)  light.  A.  PL 
spectra  before  UV  irradiation;  B.  PL  spectra  after  45  min  of  continuous  UV  irradiation.  The  PL  intensity 
of  Ti02  is  significantly  suppressed  in  the  Au/Ti02  sample.  The  peak  at  390  nm  and  a  second-order  feature 
at  780  nm  is  due  to  reflection  of  the  incident  light  from  both  CaF2  window  and  the  tungsten  grid. 

Figure  6  shows  the  PL  development  behavior  during  continuous  320  nm  irradiation  in  vacuum  at 
110  K  for  both  Ti02  (red  squares)  and  Au/Ti02  (gray  squares)  samples.  For  Ti02,  the  PL  signal 
increases  exponentially  with  continuous  exposure  to  UV  irradiation.  This  PL  development  is 

o 

associated  with  a  decrease  in  the  degree  of  upward  band  bending  in  n-type  Ti02  as  holes  from 
the  valence  band  diffuse  to  the  surface  causing  an  increase  in  positive  surface  photovoltage.  As  a 
result,  the  depletion  layer  contracts,  providing  more  PL  active  sites  and  the  PL  emission  is 
enhanced.  Unlike  Ti02,  the  Au/Ti02  sample  shows  very  low  PL  emission  which  is  invariant 
during  continuous  UV  irradiation  for  95  min. 
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Figure  6.  Photoluminescence  development  of  Ti02(red  curve)  and  Au/Ti02  (gray  curve)  upon  continuous 
UV  irradiation  of  3.88  eV  (A,exc.=  320  nm)  in  vacuum  at  110  K.  Upon  continuous  UV  irradiation,  the  PL 
development  for  Ti02  shows  an  exponential  increase  in  the  PL  signal.  The  PL  emission  of  Au/Ti02 
sample  is  diminished  and  the  PL  development  completely  suppressed. 


Figure  7  shows  schematic  of  charge  transfer  between  TiOa  and  An  nanoparticles.  The  Au 
particles  are  capable  of  accepting  negative  surface  charge  and  also  photoexcited  electrons  from 
the  conduction  band  or  a  defect  site  in  Ti02  particle.  During  the  continuous  UV  irradiation,  the 
excited  electrons  favorably  transfer  to  Au  particles  where  they  are  trapped  for  long  periods  of 
time  (Figure  7D).  As  a  result,  the  recombination  process  of  electrons  and  holes  in  Ti02  is 
strongly  suppressed  as  indicated  by  very  low  PL  intensity  for  the  Au/Ti02  sample.  Because  of 
the  band  bending,  the  holes  may  migrate  to  the  surface  of  Ti02.  However,  the  holes  in  the  Ti02 
particle  tend  to  reach  the  interface  where  they  may  recombine  with  the  trapped  electrons  in  Au 
nanoparticles  emitting  heat.  There  are  two  important  processes:  (1)  electrons  are  trapped  by  Au 
nanoparticles;  and  (2)  photogenerated  holes  in  Ti02  recombine  with  trapped  electrons  in  Au. 
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A.  Electronic  Structure  of  Au  B.  Electronic  Structure  of  Au-Ti02 

and  Ti02  Before  the  Contact  in  Contact 


C.  Electronic  Structure  of  Au-TiO 
Under  UV  irradiation 


□.Schematic  of  Charge  Transfer 
from  Photoexcited  Ti02  to  Au 

O- 


Figure  7.  A.  Electronic  structure  of  Au  and  Ti02  before  the  contact;  B.  Electronic  structure  of  Au  and 
Ti02  after  the  contact;  C.  Electronic  structure  of  Au  -Ti02  upon  photoexcitation  of  Ti02.  Gold 
nanoparticles  are  capable  of  accepting  negative  surface  charge  and  also  electrons  from  the  conduction 
band  resulting  in  suppressed  PL  signal.  Possible  channel  for  the  Au  nanoparticles  to  discharge  is  through 
recombination  of  trapped  electrons  in  the  Au  particles  with  holes  in  Ti02.  This  recombination  process 
results  in  heat  emission;  D.  Schematic  of  photoexcited  charge  withdrawal  from  Ti02  to  Au  nanoparticles. 


IV.  Discussion 

As  shown  in  Figure  8,  the  energy  of  the  conduction  band  of  Ti02  when  coupled  with  metallic  or 
semiconductor  nanotubes  is  always  higher  than  the  energy  of  the  conduction  band  of  a  SWNT 
which  results  in  energetically  favorable  transfer  of  photoexcited  electrons  from  TiOa  to  the 
conduction  band  of  carbon  nanotubes.  Upon  excitation  of  TiOi  by  UV  irradiation, 
photogenerated  electrons  in  the  conduction  band  of  Ti02  can  evolve  in  one  of  the  following 
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ways:  (1)  de-excite  to  the  bottom  of  the  conduction  band  and  quickly  find  a  defect  site  within 
Ti02  where  they  can  recombine  with  a  hole,  emitting  PL  light  or  heat;  or  (2)  de-excite  by 
transferring  to  the  lower  energy  conduction  band  of  a  carbon  nanotube  resulting  in  suppressed 
PL  emission  from  Ti02  particles.  We  observe  that  SWNTs  behave  as  electron  acceptor 
molecules  as  all  samples  which  contained  different  fraction  of  SWNT  in  Ti02  powder  show 
systematically  suppressed  PL  intensity  relative  to  the  pure  Ti02  powder.  The  PL  suppression 
scales  with  the  SWNT  fraction. 


Figure  8.  Schematic  diagram  of  proposed  mechanism  for  electron  transfer  from  Ti02  to  SWNT.  The 
electrons  from  the  valence  band  in  Ti02  are  promoted  to  the  conduction  band  by  absorption  of  photon 
energy  of  hv>3.2eV  (process  1);  then  they  either  relax  to  a  Ti02  defect  site  recombining  with  a  hole  and 
emitting  PL  light  hv2  (process  2)  or  they  transfer  to  an  adjacent  SWNT  (process  3),  where  PL  at  525  nm 
does  not  occur. 

During  continuous  UV  irradiation  of  both  the  pure  Ti02  and  the  SWNT-Ti02  sample,  we 
observed  that  charging  rates  for  samples  that  contained  SWNT  do  not  differ  from  the  charging 
rate  of  a  pure  Ti02  sample.  Here,  the  average  charging  rate  is  kc  =  1.6  x  lO"'^  s'\  Hence,  the 
SWNT  have  no  influence  on  the  charge  hopping  between  Ti02  particles.  In  addition,  upon 
discontinuation  of  UV  irradiation,  the  discharging  rates  for  both  SWNT  samples  and  pure  Ti02 
are  similar  with  an  average  time  constant  kd=  3.3  x  10’"^  s'\  The  increase  in  SWNT  fraction  in 
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powdered  samples  had  no  influence,  and  does  not  produce  a  change  in  the  charging/discharging 
rates.  This  result  implies  that  SWNT  show  only  electron  accepting  properties  but  do  not 
influence  the  charge  conductance  between  Ti02  particles. 

In  addition,  the  contact  between  Au  nanoparticles  and  Ti02  particles  induces  a  Schottky 
barrier  between  the  metal  and  the  semiconductor  as  shown  in  Figure  7A  and  7B.  The  maximum 
potential  energy  of  electrons  in  Au  particles  (the  Au  Fermi  energy)  is  lower  than  that  the 
potential  energy  of  conduction  band  (CB)  electrons  in  Ti02  which  results  in  electron  flow  from 
Ti02  to  Au  particles.  This  electron  transfer  causes  Fermi  level  shifting  until  the  equilibrium  is 
reached  and  the  Schottky  barrier  is  established  upon  Fermi  energy  alignment.  As  a  result,  the 
conduction  and  valance  bands  in  Ti02  bend  upwards. 

The  photoluminescence  observes  the  charge  recombination  in  Ti02  particles  and  provides 
an  insight  about  the  location  of  the  photoexcited  electrons  in  the  Au-Ti02  sample.  Here,  the 
electron-hole  recombination  in  Ti02  is  dramatically  suppressed  when  Au  nanoparticles  are  in 
contact  with  Ti02  compared  to  the  pure  Ti02  sample.  This  result  implies  that  Au  nanoparticles 
act  as  electron  acceptors  trapping  nearly  all  the  excited  electrons  causing  strong  suppression  of 
the  PL  signal  in  Ti02  particles.  During  continuous  UV  irradiation,  photoexcited  electrons  in  the 
pure  Ti02  are  displaced  deeply  into  the  bulk  of  the  material  causing  a  decrease  in  the  surface 
photovoltage  and  enhanced  PL  intensity  emission  as  bands  flatten.  However,  continuous  UV 
irradiation  of  the  Au-Ti02  sample  shows  significantly  low  PL  emission  and  almost  no  change  in 
the  PL  intensity  during  irradiation  indicating  that  Au  nanoparticles  trap  negative  charge  away 
from  Ti02.  Here,  the  electron  hopping  between  Ti02  particles  is  inhibited  by  Au  nanoparticles  as 
photoexcited  electrons  are  scavenged  away  by  gold.  Ultimately,  Au  nanoparticles  will  be 
electron  saturated  after  long  UV  exposures  and  the  discharge  of  Au  particles  may  occur  through 
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a  recombination  channel  where  electrons  in  the  An  recombine  with  holes  in  Ti02  emitting  heat 
instead  of  light. 

V.  Conclusion 

By  employing  photoluminescence  spectroscopy  which  observes  charging/discharging  processes 
in  photoexcited  TiOi  we  found  the  following  results: 

(1)  SWNT  exhibit  electron  accepting  behavior  as  the  PL  intensity  of  Ti02-SWNT 
composites  systematically  decrease  with  the  increase  of  the  fraction  of  SWNT  in  Ti02 
powder. 

(2)  SWNT  do  not  affect  electron  hopping  between  Ti02  particles  as  charging/discharging 
rates  are  similar  to  those  for  pure  Ti02  sample  and  they  are  also  independent  of  the 
fraction  of  the  SWNT  in  Ti02  powder. 

(3)  Gold  nanoparticles  strongly  suppress  the  PL  intensity  as  they  are  excellent  electron 
acceptors. 

(4)  Because  Au  traps  photogenerated  electrons  the  surface  photovoltage  phenomenon  is  not 
observed  on  Au-Ti02  ,  and  charging/discharging  phenomena  do  not  occur. 
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Appendix  A.  Depletion  Layer  Thickness  in  TiOi  Particles. 


Calculations  of  the  depletion  layer  thickness,  D,  in  30  nm-  anatase  and  80  nm-rutile  TiOi 
nanoparticles  using  equation  (3): 


Vbbiro)  =  - 


keT  D  _ 
2e 


eNgP^ 
2f  j-ffl 


^2  ^bb(r)2SrSo 

D  = - 

eNa 


k,,(r)  =  0.1 -0.4  k 


=  31  (for  anatase) 

Sj.  =  100  (for  rutile) 

So  =  8.85  •  10-^^- 

m 

e  =  1.6  •  10-1^^  C  =  1.6  •  10-^"^  FV 


Nd  =  10^^  m  ^  (assumed  dopant  concentration) 

Where  Vbb  is  band  bending  in  TiOi;  Sr  is  relative  permittivity;  so  is  vacuum  permittivity;  e  is 
elementary  charge;  Nj  is  dopant  concentration  in  Ti02. 

0.1k- 2 -31 -8.85  •  10-12  — 

D  = - ^ 

1.6-  lO-i^^F-k  -  1025 -L 

m  ^ 


or 


0.4k- 2 -100 -8.85 -10-12  — 
_ m 

1.6-  lO-i^^F-k  -  1025 

m  ^ 


D  =  6  nm  —  12  nm  (for  anatase  TiOi  particles) 
D  —  10  nm  —  21  nm  (for  rutile  Ti02  particles) 
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Appendix  B.  Electron  Mobility  at  300  K 


The  electron  hopping  rate  at  300  K  was  estimated  from  the  inset  in  Figure  5  (Chapter  5). The 
inset  is  the  natural  logarithm  of  the  rate  of  charge  migration  in  the  dark  as  a  function  of 
temperature 

k  =  kf^e  ^bT 

\nk  =  \nko-  ^ 

Kb  I 

Where  interception  of  the  linear  plot  is  /cq  —  —6.16  and  the  slope  tan  a  —  —198.2. 

The  activation  energy  for  the  electron  hopping  process  was  obtained  from  the  slope  of  the  k  =f 
(T): 

Ea 

tan  a  =  -- —  =  —198.2 

kg 

kg  =  1.38-10-23  1 

K 

Ea  =  0.015  eV 

Finally,  the  electron  hopping  rate  at  300  K  is: 

/e  =  1.2  •  lO-^s-i 


Electron  mobility  is: 


p  = 

Where  the  electron  mobility;  E  -electric  field. 
Electric  field  in  the  TiOi  powder: 


E  = 


V 

d 


V  =  0.1  V  (typical  band  bending  in  Ti02  particles) 
d  =  9.5  •  10-^m  (thickness  of  the  sample  ) 

E  =  1  ■  10^  ^  (electric  field  within  the  Ti02  sample) 
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Electron  mobility  at  300  K  is: 


9.5  •  10-^m- 1.2  •  10-^s-i 


103 


V_ 

m 


=  1. 10-10  ilL 
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Appendix  Cl.  Dependence  of  the  Photoluminescence  Signal  on  Distance,  Ay,  from  a  Focal 
Point. 

A  reference  fluorescence  standard  (purchased  from  Labsphere)  was  mounted  on  an  XYZ 
stage  as  shown  in  Figure  1.  The  sample  was  excited  by  selecting  340  nm  light  from  the  Xe 
source  and  using  a  340  nm  band  pass  filter.  This  sample  shows  two  emission  peaks  at  464  nm 
and  520  nm.  Continuous  irradiation  of  the  sample  for  120  min  (see  inset  of  Figure  1)  caused  no 
change  in  the  PL  intensity  of  both  peaks.  The  reference  sample  was  tilted  by  ~  15°  relative  to  the 
front  face  of  the  PL  spectrometer.  Figure  2  shows  the  change  of  PL  signal  with  distance,  Ay, 
from  the  focal  point. 


Fluorescence 

Standard 


Figure  1.  The  xyz-stage  for  holding  the  reference  fluorescence  standard. 
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Figure  2.  A.  Photoluminescence  spectra  of  a  reference  standard  emitting  at  464  nm  and  520  nm  at  room 
temperature.  Inset  shows  that  both  PL  signals  are  invariant  in  time  during  continuous  UV  irradiation  for 
120  min.  B.  PL  intensity  shows  maximum  intensity  when  the  sample  is  placed  in  the  focal  point.  Moving 
the  sample  away  from  the  focal  plane  hy  +1.2  mm  causes  a  50%  decrease  in  the  PL  signal. 

Sample  positioning  for  PL  measurements 

Once  the  high  vaeuum  cell  is  placed  in  front  of  the  PL  spectrometer,  the  visible  green 
light  (500  nm)  from  the  Xe  source  is  used  to  position  the  PL  beam  on  the  sample.  When  the 
beam  is  visually  positioned,  we  employ  320  nm  light  to  adjust  the  angle  of  the  sample  by  using  a 
serew  driven  adjustment  installed  on  the  back  of  the  high  vacuum  apparatus.  The  change  in  the 
angle  was  deteeted  by  observing  the  change  in  the  position  of  a  laser  beam  that  was  installed  on 
the  high  vacuum  cell.  The  maximum  ehange  in  the  angle  is  ~  2°  and  one  turn  of  the  serew  causes 
an  angular  change  of  0.0072°.  The  fine  adjustment  is  achieved  by  moving  the  sample  with  the 
XYZ  manipulator  inside  the  cell  until  maximum  PL  intensity  is  obtained,  as  shown  in  Figure  3. 
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PL  Sensitivity  in  y-  direction 


y-direction  (inches) 


PL  Sensitivity  in  x-  direction 


Figure  3.  Photoluminescence  emission  sensitivity  on  the  position  in  both  y  and  x  -directions  (right  and 
left  hand  side  graphs).  The  peak  at  390  nm  originates  from  the  reflected  incident  light. 
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Appendix  C2.  Calibration  of  the  Manifold  and  Gas  Handling  System. 

We  connected  a  reference  bulb  filled  with  nitrogen  gas  that  has  known  volume  Vo=503.5  cm 
to  the  system.  Both  the  manifold  and  gas  handling  system  are  calibrated  by  N2  gas  expansion 
into  different  regions  in  the  system  and  by  reading  the  pressure  by  a  Baratron  gauge  (0.001  -10 
Torr)  in  certain  volumes,  Vf ,  and  using  the  ideal  gas  Boyle-Mariotte  law  (see  equation  1  and  2), 
we  were  able  to  determine  all  the  unknown  volumes,  Vf,  in  the  system.  The  gas  expansion  was 
performed  3  times. 

PV  —  k  for  T,n  —  const.  (1) 

where  T  is  temperature  and  n  is  number  of  molecules. 

PiVi  =  PfVf  (2) 

-5 

1-  Vref=  505.3  cm  (reference  bulb  volume) 

2.  Vo=  (2.8  +  0.1)  cm^  (volume  between  valve  #1  and  #2) 

3.  Vi=(147  + l)cm^ 

4.  V2=(96+l)cm^ 

5.  V3=  (51.2  + 0.4)  cm^ 

6.  V4=(1590  +  40)cm^ 
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IR/PL  Cell  Gate  Gate 


Figure  1.  shows  the  gas  handling  system  and  the  manifold.  The  volume  in  the  system  was  divided  in  the 
following  sections:  Vo-purple;  Vi-hlue;  V2-orange;  V3-green;  and  V4-yellow. 
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Appendix  C3.  The  Pore  Size  Distribution  and  Surface  Area  of  TiOi- 


To  determine  the  pore  size  distribution  and  surfaee  area  of  Ti02  powder  (P-25  Degussa) 
samples,  nitrogen  adsorption-desorption  measurements  were  performed  at  77  K.  The  pore  size 
and  specific  surface  area  were  determined  by  using  Quantachrome  Autosorb  Automated  Gas 
Sorption  System.  The  sample  was  previously  heated  to  680  K  for  30  min  in  vacuum  to  remove 
surface  contaminants.  Once  the  sample  was  cleaned,  it  is  brought  to  a  constant  temperature  by 
placing  it  into  an  external  bath  (a  Dewar  flask  filled  with  liquid  nitrogen).  Then,  small  amounts 
of  a  N2  gas  were  admitted  in  steps  into  the  evacuated  sample  chamber  and  the  change  in  its 
partial  pressure  was  monitored.  The  surface  area  is  calculated  from  a  monolayer  amount  using 
the  BET  method.  The  isotherms  permit  the  pore  size  distribution  to  be  calculated  as  shown  in 
Figure  2  (right  hand  side  graph).  The  average  pore  sizes  determined  from  the  shape  of  the 
hysteresis  loop  for  Ti02  powder  is  ~  9  nm  with  a  BET  surface  area  of  62  m  /g. 


Figure  2.  Hysteresis  and  pore  size  distribution  of  Ti02-  P-25  powder  heated  to  680  K  in  vacuum 
for  30  min. 
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Appendix  C4:  Monolayer  of  Gas  on  Powdered  TiOi  Surface. 

Mass  of  Ti02  sample:  m(Ti02)  —  6.0  xl0“^  g 

Powder  specific  surface  area  measured  by  BET:  S(TiO2)~60  — 

Area  occupied  by  one  molecule:  =  10 

Number  of  molecules  to  achieve  a  monolayer  on  powdered  TiOi  is: 

surface  area 

n  = - 

surface  occupied  by  one  molecule 

2 

60  —  X  6.0x10"^  a 

g  ^ 

n  = - s- - 

10  A2 

n  =  3.6  X  10^^  molecules 
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Appendix  C5.  Sample  Positioning  for  the  IR  Measurements. 


Positioning  the  sample  for  infrared  measurements  is  obtained  by  sliding  the  high  vacuum  cell 
into  the  spectrometer  compartment.  The  cell  holder  design  to  hold  the  cell  inside  the  IR 
compartment  places  the  cell  such  that  the  IR  beam  passes  through  the  sample  grid  stretched 
between  the  Cu  bars  (sample  holder).  Fine  positioning  is  achieved  by  monitoring  the  energy  of 
the  IR  beam  that  passes  through  the  tungsten  grid  and  the  sample.  Adjusting  the  z-direction,  the 
IR  beam  moves  along  the  grid  sensing  both  the  portion  of  empty  W-grid  and  the  powder-filled 
grid.  Figure  1  shows  that  the  amount  of  energy  that  reaches  the  detector  after  the  IR  beam  passes 
through  the  W-grid  which  is  ~  70  %  transparent,  is  significantly  higher  than  when  the  IR  beam 
passes  through  the  powdered  sample.  We  use  the  smallest  beam  size  (1=1.6  mm)  to  obtain  finer 
spatial  resolution. 
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of  the  iR  beam 
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Figure  1.  IR  beam  energy  dependence  on  the  transparency  of  the  empty  and  powdered  filled  W-grid. 
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Appendix  C6.  Temperature-Dependence  of  the  Photoluminescence  Emission  of  TiOi 


The  change  in  photoluminescence  intensity  of  TiOa  as  a  function  of  temperature  is  shown  in 
Figure  1.  Temperature  was  changed  from  87  K  to  243  K  with  an  increment  of  5  K  using  1  K/s 
heating  rate.  The  PL  emission  decreases  as  the  temperature  of  the  Ti02  increases.  Inset  of  Figure 
1  shows  the  plot  of  the  PL  peak  maximum  as  a  function  of  temperature.  Figure  2  shows  the 
change  of  PL  intensity  as  a  function  of  reciprocal  temperature.  An  activation  energy  of  72  meV 
was  extracted  from  the  data  that  fit  equation  (1). 
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Figure  1.  Temeprature -dependence  of  the  photoluminescence  intensity  of  Ti02  obtained  under  high 
vacuum  conditions.  The  PL  intensity  decreases  as  temperature  is  raised  from  87  K  to  243  K. 

Figure  2  shows  thermally  activated  increase  of  the  full  width  at  half-maximum  (FWHM)  as  a 
function  of  temperature  (left)  and  reciprocal  temperature  (right).  This  thermally  activated 
increase  of  FWHM  is  due  to  the:  (1)  trap  site  distribution  and  (2)  electron-phonon  interaction. 
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Figure  2.  The  change  of  FWHM  as  a  function  of  temperature  (right)  and  reciprocal  temperature  (left). 
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Appendix  C7.  Calibration  of  the  Perkin-Elmer  Xenon  Source  in  Photoluminescence 
Spectrometer  at  NIST. 


We  used  a  bolometer  PM  lOOD  (Thermal  Power  Sensor  S302C,  Thorlabs)  as  a  calibrating 
instrument  to  measure  the  flux  of  the  Xe  source.  Radiation  of  was  captured  in  an  11  mm  dia. 
“black  body”  absorber.  The  beam  width  of  2  mm  in  width  and  1 1  mm  in  length  fit  across  the 
sensor  of  the  bolometer.  The  bolometer  head  was  placed  in  the  focal  point  of  the  optical  path. 
The  bolometer  and  bench  were  shielded  for  outside  light  by  plastic  panels.  First  the  background 
irradiation  was  collected  when  the  source  light  was  turned  off.  Then,  the  light  was  turned  on  and 
irradiation  at  320  nm  was  collected  over  time  while  employing  a  320  nm  band  pass  filter.  From 
this  data,  we  are  able  to  calculate  the  flux  of  light  at  320  nm: 


F^v(320  nm  )  = 


0.02x10“^ 


; 


X 


0.22  cm2  3.88  ePx  1.60x1019 

eV 


Fftv(320  nm  )  =  1.46  x  10 


14 


photons 


If  we  assume  ~  10  nm  penetration  depth  of  320  nm  light,  the  influenced  volume  of  Ti02  is: 

771  C771 

dV  =  Icm^xlO  nm  x  10“9  — x  10^  —  =  10“^cm^ 

nm  m 

Density  of  TiOi  and  molecular  weight  is:  p  =  4.2  and  M(Ti02)  =  80  ^ 


mole 


Number  of  Ti02  units  in  the  volume  of  10  ^  cm^  is: 


#(Ti02  units) 


4.2 -^xlO 
cm^ 


SO¬ 


S' 


■x6.02x102^ 


mole 

#(Ti02  units)  —  3.2  x  10^^  Ti02  units 
Number  of  photons  per  68  sec  scan  is: 

photons 


mole 


=  1.46  X  lO^^x  68  s  =  9.4  x  10^ 


cm^ 
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Hence,  during  our  studies  of  PL  decay  in  the  dark,  each  measured  point  involves  about  0.3  photon/Ti02 
unit  in  the  irradiated  volume.  The  level  of  exposure  caused  almost  no  change  in  the  PL  intensity. 
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Appendix  C8.  Sample  Position  Relative  to  the  Incident  Light. 

Both  the  IR/PL  cell  and  the  sample  in  front  of  the  PL  spectrometer  are  tilted  by  15°  relative  to 
the  front  face  of  the  PL  spectrometer  in  order  to  minimize  specular  reflection  of  the  incident 
light.  The  geometry  of  the  sample  relative  to  the  PL  instrument  is  shown  in  Figure  lA.  In 
addition,  Figure  IB  shows  the  photoluminescence  of  clean  Ti02  and  the  tungsten  grid  after  the 
heating  procedure  in  O2  at  680  K.  The  PL  spectra  were  recorded  at  84  K.  It  is  shown  that  slightly 
oxidized  tungsten  grid  (WOx)  does  not  affect  the  PL  spectrum  of  the  Ti02  sample.  Two  peaks  at 
390  nm  and  780  nm  originate  from  the  reflected  incident  light  from  the  grid  and  CaF2  window. 


B 

Photoluminescence  of  TiOjand  W-grid 


Figure  1.  A.  The  geometry  of  the  sample  relative  to  the  incident  light;  B.  Photoluminescence  spectra  of 
Ti02  and  W-  grid. 
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Appendix  C9.  Purging  of  the  IR  beam  and  Spectrometer. 


Purging  the  IR  beam  by  dried-air  free  of  IR-active  water  and  carbon  dioxide  was  obtained  by 
purifying  the  supplied  compressed  air  using  an  installed  gas  line  that  contains  a  heater,  several 
oil  filters  and  a  purging  unit  as  shown  in  Figure  1 .  The  purged  dried-air  is  further  brought  to  the 
IR  spectrometer.  The  purging  unit  consists  of  two  towers  filled  with  beads  that  act  as  adsorbent 
for  CO2  and  H2O  as  shown  in  Figure  2.  When  -120  psi  of  the  compressed  air  enters  the  first 
tower,  most  of  the  CO2  and  H2O  from  the  compressed  air  is  adsorbed  inside  the  tower.  Partially 
purged  air  is  then  sent  to  a  second  tower  where  most  of  CO2  and  H2O  are  removed.  The  purged 
gas  alternates  between  the  two  towers  where  the  portion  of  the  gas  is  sent  into  the  IR 
spectrometer.  This  insures  high  quality  purged  air. 

Figure  3A  shows  the  IR  cell  inside  of  the  IR  compartment  in  the  spectrometer.  The  rubber 
sleeves  are  held  on  the  window  flanges  by  band  clamps  and  they  are  compressed  against  the 
inner  walls  of  the  IR  compartment  providing  a  gas-tight  seal  between  the  walls  and  the  cell. 
Figure  3B  shows  the  performance  of  purging  CO2  and  H2O.  The  red  curve  shows  the  purging 
performance  of  the  entire  compartment  when  it  is  sealed  with  the  original  lid  while  the  blue 
curve  shows  the  purging  performance  of  the  IR  beam  line  sealed  by  rubber  sleeves.  By 
measuring  the  decrease  in  absorbance  of  H2O  and  CO2,  we  found  that,  it  takes  -  500  s  to  purge 
the  entire  compartment.  In  contrast  to  that,  to  purge  the  much  smaller  volume  within  the  rubber 
sleeves,  takes  only  18  s.  Therefore,  by  using  the  rubber  sleeves  we  enhanced  the  purging 
efficiency  by  30  fold. 
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Figure  1.  Gas  line  for  making  H2O  and  C02-free  dried-air  that  serves  for  purging  the  optics  inside  the  IR 


spectrometer  and  IR  beam. 


A.  High  Vacuum  Cell  in  IR  Spectrometer  B.  Purge  Performance-C02  and  HjO  Absorbance 


Figure  3A.  Purging  of  the  IR  beam  when  high  vacuum  cell  is  inside  of  the  IR  compartment.  B.  Purging 


performance  of  the  IR  beam  pass  through  the  compartment  (red  curve)  and  rubber  sleeves  (blue  curve). 
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Appendix  CIO.  Number  of  Sites  in  Ti02  Powder  Probed  by  UV  and  IR  Irradiation. 

Mass  of  Ti02  sample:  m(Ti02)  —  6.0  xl0“^  g 

Powder  specific  surface  area  measured  by  BET:  S(Ti02)~  60  — 

Area  occupied  by  one  molecule:  =  10 

Thickness  of  Ti02  sample:  £  =  0.095  cm 
UV  irradiation  (320  nm)  penetration  depth:  s  =  20  nm 

Number  of  sites  in  a  full  depth  of  Ti02  powder  that  are  probed  by  IR  irradiation: 

2 

TTl 

Surface  Area  —  m(Ti02)xS(Ti02)  —  6.0  x  10“^x  60  —  =  0.36  mf 

9 

m{Ti02)xS{Ti02) 

#  of  sites  in  the  full  depth  of  Ti02  = - - - = 

^molecule 

0.36  0.36 

lOA^  10xl0“^°?n^ 

#  of  sites  in  the  full  depth  of  Ti02  =  3.6  xlO^^  sites 

Number  of  sites  in  the  20  nm  region  of  Ti02  powder  exposed  to  UV  irradiation: 

s  20  nm 

fraction  of  illuminated  sites  inTiOn  =  -  = - - - =  2.10  x  10  ^ 

^  ^  ^  I  0.0095  cm 

#  of  sites  exposed  to  UV  irradiation  in  the  Ti02  = 

=  (#  of  sites  in  the  full  depth  of  Ti02)x  {fraction  of  illuminated  sites  inTi02) 
=  2.10  X  10-^x3.6x101^ 

#  of  UV  illuminated  sites  inTi02  —  7.6  x  lOi'*'  sites 
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